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FOREWORD

This final report describes the work performed by The Torrington Company, Torrington,
Connecticut, under ARPA/USAF Contract F33615-92-C-5922. The report covers the period May
1992 to December 1994.

The program was aimed at developing an improved hybrid bearing by improving the steel rings
that are assembled with silicon nitride rolling elements. The program was sponsored by the
Advanced Research Projects Agency (ARPA) and administered by the Air Force Wright
Laboratory, Materials Directorate. The support of Dr. William Coblenz of ARPA and Mr. Karl
Mecklenburg of the Wright Laboratory is greatly appreciated. '

The Torrington Company work was truly a team effort with many of our associates
contributing to this work. Special acknowledgements are due to Messrs Henry Daverio and Ken
Galitello for the full scale bearing tests, Mr. Donald Church for the RCF tests, X-ray work, and
SEM work, Mr. James Richardson for the metrology, Mr. Steve Luko for the statistical analysis,
Messrs William Chmura and Mark Lamoureaux for the administrative support, and Dr. Jack
Woodilla, Director of Torrington's Advanced Technology Center for his continued support and
encouragement of this program.

The thin lubrication full scale bearing test method and baseline data were developed previously
in collaboration with GE Aircraft Engines, supported by Wright Research and Development Center
contract F33615-84-C-2430 for Improved Fatigue Life Bearing Developments. We are also

grateful to Dr. J. J. Mecholsky of the University of Florida who contributed SEM investigations of
spalled balls for the present program.




1.0 SUMMARY

1.1 PURPOSE

This final report covers a 2-year effort to develop improved hybrid rolling contact bearings
using steel rings and silicon nitride rolling elements. Nitriding was used to increase the hardnesé
and surface properties of the rings to approach the properties of silicon nitride. Several nitriding
procedures were evaluated by metallographic methods, the more promising were screened by
rolling contact fatigue (RCF) rig testing, and the best were tested in full scale hybrid bearings.
Two bearing tests were run, one with normal testing laboratory conditions to obtain basic fatigue
data, the other with a higher temperature, thin lubrication film, and exposure to contamination to
simulate difficult service applications. A secondary purpose of this program was to obtain

rolling contact fatigue data for the silicon nitride balls.

1.2 SELECTION OF PROCESSES AND MATERIALS

Nitriding was chosen over nitride coatings because nitriding produces a diffusion layer that
is part of the microstructure, and the depth of nitrided layers is significantly greater than that of
coatings. Two nitriding methods, fluidized bed ferritic nitrocarburizing and conventional gas
retort nitriding, were used. M50 and M50 NiL were chosen for base steels because these are well
established, high quality bearing steels used in critical applications and capable of elevated
temperature bearing operation. M50 has superior wear resistance, and M50 NiL is a fracture
tough steel used to prevent the fracture mode of failure when rings are subject to tensile stressing.

Norton Advanced Ceramics NBD-200 silicon nitride balls were selected based upon the results

of prior bearing testing.




1.3 EVALUATION OF NITRIDING PROCEDURES

A total of nine time-temperature-atmosphere conditions for the fluidized bed and retort
nitriding procedures were evaluated by measuring hardness, residual stress, and microstructure.
In general, nitriding proved to be a desirable process, all cycles producing uniform cases with
surface hardnesses near Rockwell C 70 for M50 and 68 for M50 NiL, and residual compressive
stresses greater than 700 MPa (100 ksi). The microstructures had a white iron nitride layer,
which is removed before rolling contact fatigue testing, and a fine nitride network which did not
cause poor results in any of the subsequent fatigue tests. Longer time, deeper case cycles were
chosen for fatigue test specimens because, when applied to full scale bearings, ring
manufacturing could require greater amounts of stock removal after nitriding. These cycles
produced hardness of Rockwell C 66 and residual compressive stress of 700 MPa (100 ksi) at
approximately 0.25 mm (0.010 inch) below the nitrided surfaces.

14 ROLLING CONTACT FATIGUE RIG TESTS

A fluidized bed and a retort nitriding cycle were tested on both M50 and M50 NiL steels
using three-ball-on-rod test rigs. The results of all tests were favorable when compared to
previous tests of non-nitrided steels. The fluidized bed ferritic nitrocarburized specimens
exhibited longer life, therefore, this treatment was selected for full scale bearing testing. These
results are summarized schematically in Figure 1.4-1. In this histogram, the B's and X's are the
results of 2 years of testing 52100 and other bearing steels. The S's and N's are earlier tests of

silicon nitride and nitrided steels.




FNC-Ferritic Nitrocarburized,
Fiuidized Bed Fumace
RN-Gas Nitrided, Retort Fumace

X - Other Stsels
B - 52100 Baseline

S - Silicon Nitride
N - Nitrided Steels

:
S , S

0510 15 20 25 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180

(D
G

>x o m

3 > < > O W

3 B DC D D 3 D D X X X
M I XKW

w==
ww

L10 Life - Hours
Figure 1.4.-1

Histogram of FMC RCF L, Tests

1.5 BEARING MANUFACTURING

Bearing rings were soft machined, carburized (M50 NiL only) hardened and tempered, rough
ground, nitrided, finish ground and polished. Nitrided surfaces were ground with the same
procedures (wheels, feeds, speeds) as are used for nonnitrided M50 steel. The nitrided layer
caused up to 0.075 mm (0.003 inch) diametrical size change. The 35 mm bore radial bearings
were made for basic fatigue life testing. In this test, the inner rings were nitrided and matched
with M50 outer rings and silicon nitride balls. The thin film, contaminated lubricant test used a

40 mm bore bearing running in thrust, and for this task, both inner and outer rings were nitrided.




1.6 RADIAL BEARINGS FATIGUE TEST

The hybrid bearings were loaded to run at the same maximum contact stress as has been
applied to all-steel bearings in previous tests, 7050 N (1600 Ibs.) on hybrid bearings vs. 10,900 N
(2450 1bs.) on all-steel bearings for 3.65 GPa (530 ksi) maximum contact stress. Bearings ran at
3000 rpm with full elastohydrodynamic lubrication film conditions. Both the nitrided M50 and
M50 NiL bearings exhibited good life with life factors close to 11X. Failures included silicon

nitride balls as well as nitrided inner rings.

1.7 THIN LUBRICATION TEST

The 40 mm bore bearings were jet engine quality, run in thrust at 10,000 RPM and at 150°C
(300°F) in oil corresponding to MIL-L-7808J, to simulate application conditions. The hybrid
bearings had 7500 N (1700 1b) thrust load creating 2.62 GPa (380 ksi) maximum contact stress.
Bearings were initially run for 15 minutes in 150°C MIL-L-7808 oil contaminated with 2.5 ppm
of 20 micron aluminum oxide to create surface damage. They were then washed and run to
failure or 2000 hour suspension in clean lubricant. Ten bearings of each steel were tested. None
of the M50 bearings failed within 2000 houré. Three of the M50 NiL bearings failed indicating
an Lo life of about 1000 hours. Data from previous testing of all-steel bearings were available to
compare to the hybrid performance at both equivalent stress and nearly equivalent load
conditions. The hybrid bearings exhibited much longer life than all-steel bearings at both
equivalent stressing and also at equivalent loading. At a test load of 1700N, the hybrid bearings

had 4 to 7 times the life of all steel bearings despite operating at a higher contact stress.

1.8 CONCLUSION

The successful operation at higher temperatures, thin lubrication, and exposure to
contamination indicates that the goals of this project were met. Hybrid bearings have been
improved for applications in difficult service conditions, thereby opening new possibilities for

their use.




2.0 BACKGROUND

2.1 HYBRID BEARINGS

Silicon nitride has a long history of demonstrating good properties for rolling contact fatigue
stressing. In theory, all-ceramic bearings would be desirable, but problems in ring
manufacturing, as well as the application problems arising from the mismatch of thermal
expansion properties, have limited the use of ceramic bearings. The most common use for
silicon nitride is for the rolling elements in hybrid bearings using steel rings. Hybrid bearings
have performed better than all-steel bearings in many applications, but the full potential for
hybrids has not been realized because of the properties of the much softer conventional bearing
steel rings. An opportunity exists to develop improved hybrid bearings by improving the
properties of the rings.

2.2 BACKGROUND RIG TEST RESULTS

The foundation for the proposal and the work in this project was the results of earlier tests of
silicon nitride and nitrided M350 and M50 NiL steels. Three-ball-on-rod rolling contact fatigue
rigs were used. Both the silicon nitride and the nitrided steels demonstrated capability for much
longer life than any steel composition, heat treatment, or surface modification previously tested.
The results have been reported (1)(2)(3) and are the earlier tests in Figure 1.4-1. From this
background, the present project was initiated to make further studies of nitriding and to test the

best procedures in full scale hybrid bearings.

2.3 ROLLING CONTACT FATIGUE RIG TEST

The three-ball-on-rod rolling contact fatigue rig used in this project was developed by
Douglas Glover at the Federal Mogul Corporation and is sometimes known as the RCF-FMC rig.
This test is described fully by Glover (4). It is used by at least 15 bearing companies and
research organizations throughout the world. Like all test rigs, it runs at a very high stress to

obtain data in a reasonable length of time, and the results must be interpreted carefully. A
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material or process that performs poorly in this test may be satisfactory at the lower stressing of
most applications. When a material performs very well, it has passed a very demanding test and

is clearly worthy of further development.

2.4 FULL SCALE BEARING TESTS

The 40 mm bore, thin lubricant, contamination exposure test used in this project was
developed for Air Force Contract F33615-84-C-2430, “Improved Fatigue Life Bearing
Development” (5). Here it was recognized that the life of standard M50 steel turbine engine
bearings was so long as to preclude obtaining test data in a reasonable length of time, especially
for a development to demonstrate even longer life. Furthermore, it was observed that when
application failures did occur, the cause was usually some abnormal surface damage. From this,
the exposure to aluminum oxide contamination was chosen to represent severe application
conditions. This work provides the baseline data to which the improved hybrid bearings in the
present project are compared. Aluminum oxide is but one of a great many contamination
possibilities, but the process of surface damage leading to fatigue and crack initiation is common
to most application failures (6)(7)(8).

The 35 mm bore radial bearing test is similar to tests run by bearing companies for many
years to obtain basic life data. These tests are run under fully lubricated "ideal" test conditions.
It should be noted, however, that while conventional bearing theory relates bearing life to
subsurface shear stresses developed by totally elastic behavior of perfectly smooth surfaces, this
is never the case. Steel quality improvements have made subsurface failures rare, and some form

of roughness or surface damage initiates most of the failures in this test also.




3.0 NOMENCLATURE
The following definitions may help the reader with the nomenclature of the bearing and heat

treating industries.

1. A HYBRID BEARING is one with steel rings and ceramic rolling elements. The ceramic

is usually silicon nitride. The bearings in this project used silicon nitride balls.

2. RINGS are the inner and outer rings of the bearing. In other literature these are

sometimes referred to as races.

3. RACE or RACEWAY in this report refers to the surface contacted by the rolling elements

and subject to rolling contact stressing.

4. NITRIDING is the diffusion of nitrogen into the steel surfaces, usually at temperatures of
480°-540°C (900°-1000°F).

5. FERRITIC NITROCARBURIZING is basically a nitriding, not a carburizing process. Some
hydrocarbon is added to the atmosphere to diffuse carbon as well as nitrogen into the
surfaces. Ferritic comes from the metallographic phase at the nitriding temperatures, as
opposed to austenitic which is the phase at higher temperatures used for most

carburizing. All of the steel nitrided in this project had a microstructure of tempered

martensite, which qualifies as ferritic for this definition.

6. CARBONITRIDING was not used in this project or in this report. It is a carburizing, not a

nitriding process.




10.

HIGH DISSOCIATION NITRIDING has lowef nitriding pétential. Gas nitriding takes

place when ammonia dissociates to nitrogen and hydrogen over the work. Processes are
described by the amount of dissociation that takes place before the atmosphere reaches
the work chamber. High dissociation, therefore, means that there is less ammonia to

dissociate over the work.

Conversely, LOW DISSOCIATION NITRIDING has more ammonia in the work chamber,

therefore a higher nitriding potential.

A FLUIDIZED BED is a heat treating furnace in which the circulating atmosphere carries
with it a concentration of inert refractory particles that impinge upon the work to hasten

heating and cooling.

In RETORT NITRIDING the dissociated gas and the work are alone in the nitriding

chamber.




40 EXPERIMENTAL EVALUATION OF NITRIDING PROCESSES

Nitriding has been used extensively for applications where fatigue and/or wear resistance is
necessary. The present contractual work was performed to determine whether the nitriding
process can be used to produce mechanical properties of steel bearing raceways that are closer to
those of silicon nitride bearing balls to produce bearings which provide a significant increased
rolling contact fatigue life over all steel bearings.

The first step towards testing this process in rolling contact fatigue was to determine baseline
properties including hardness, case depth, residual stress profiles, and the nitrided case
microstructure. Nitriding, like carburizing, is a diffusion treatment where the chemistry of the
surface of the treated components is altered to produce the desired effects. During carburizing,
carbon atoms diffuse into the steel. During nitriding, nascent nitrogen atoms are needed to
diffuse into the steel. Ammonia is used to supply nascent nitrogen. Ammonia when exposed to

heat dissociates into nitrogen gas and hydrogen gas by the following equation.
2 NH 3 =Ny + 3H2

As one molecule of ammonia dissociates, there is, for a short time, the nascent nitrogen atom
which in time will find another nascent nitrogen atom and form N,. It is during this short time
period when a molecule of ammonia dissociates at the surface of the steel that the nascent
nitrogen atom is accepted into the steel matrix.

Changes in the processing parameters, and thus the surface chemistry, can influence the
effects of the nitrided case on component performance. The processing variables which were
examined were gas composition, nitriding temperature and time at nitriding temperature. All
three of these variables are important achieving the desired effects in the nitrided case. The
experiments used in the study were designed to determine which, if any, were clearly the most

important for producing excellent steel surface properties for rolling contact stressing using

silicon nitride rolling elements.




4.1 TYPES OF NITRIDING

Nitriding has been used for many years as a process to enhance mechanical properties of
steel components. There are currently many types of nitriding available on a commercial and
developmental level. Some of the many types are liquid nitriding, gas retort nitriding, ferritic
nitrocarburizing, vacuum nitriding, and plasma (or ion) nitriding. Some of these processes have
been available longer than others and are more widely used in industry today.

Liquid nitriding, as the name implies, is performed in a liquid cyanide salt which supplies
nitrogen to the steel by the decomposition of cyanide to cyanate. Due to environmental and
waste disposal considerations, liquid nitriding was not considered for the work in this contract.

Vacuum nitriding and plasma nitriding, which may be the future of the nitriding industry,
currently are not as common and commercially available as the other nitriding processes.
Vacuum nitriding, as the name implies, is performed in a vacuum chamber while ammonia is
introduced into the chamber at the correct temperature. Plasma nitriding is also performed in a
vacuum chamber. With plasma, nitrogen gas, not ammonia, is used to supply nascent nitrogen.
This involves using an electrical potential to ionize the nitrogen gas. An advantage of this
process is that ammonia is not used at all, so there are none of the problems of storing, using, and
- disposing of ammonia.

Gas nitriding and ferritic nitrocarburizing are both nitriding processes which are common to
many captive and commercial heat treating departments. Because of the current widespread use
and experience with these two processes, they were chosen to be the focus of the nitriding
evaluation for this contract. The advanced processes using vacuum and plasma will be

investigated in future developments.
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4.2 DISCUSSION OF NITRIDING EXPERIMENTS

This task explored éome of the basic parameters of the nitriding process. Nitriding has long
been known to produce a very hard case on the surface of a treated part. This hard surface lends
itself to good general fatigue life because of indentation and wear resistance and compressive
residual stresses at the surface. In the case microstructure after nitriding, a nitride network
develops.

The first step towards completing this contract was to determine the precise nitriding process
which yielded the greatest rolling contact fatigue life. Nitriding experiments were performed to
determine the nitriding parameters to be used for rolling contact fatigue rig testing. This task
also attempted to develop a nitriding cycle which reduced the tendency for the nitride network to
form and at the same time produced the very high hardness and the high residual compressive
stress layer at the surface. These three parameters were put in order of importance. Hardness
was our most important criteria. If the hardness of a nitriding cycle was not close to Rockwell C
70 it wasn't considered for RCF testing on the FMC machine. Next, the residual stress profile
was considered. High residual compressive stresses are known to benefit RCF life. Finally, the
quality of the nitrided case microstructure was considered. The best microstructure is the one
with the least nitride networking in the case microstructure.

Initially, standard nitriding cycles from two commercial heat treating companies were
examined using metallography and residual stress measurements. Based on the results from
standard cycles, several additional nitriding trials were performed to maximize properties and
reduce or eliminate the nitride network in the nitrided case microstructure.

Two types of nitﬁding processes were examined: gas nitriding, performed in a retort furnace;
and ferritic nitrocarburizing, performed in a fluidized bed. Both processes are similar in that they
take place in the same temperature range, use ammonia to supply the nascent nitrogen for
diffusion into the steel, and blend additional nitrogen gas with the gas mixture. Nitriding in a
fluidized bed has one difference in that propane is also added to the gas mixture during the

nitriding process.
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All ferritic nitrocarburizing (fluidized bed) nitriding experiments were performed at
Massachusetts Steel Treating in Worcester, Massachusetts. The dissociation rate in the fluidized
bed was measured by the gas flows through the furnace. All gas nitriding experiments were
performed at Lindberg Heat Treating Company also in Worcester, Massachusetts. The
dissociation rate in the gas nitriding process was measured as a percent dissociation of ammonia.
All trials were performed at 524°C (975°F) except for one trial of each type of nitriding
performed at 537°C (1000°F).

Nitriding "potentials" are defined by the dissociation rate of the ammonia gas inside the
furnace. In order for nitrogen to diffuse into steel it must be in the nascent form. The nascent
form of nitrogen exists only momentarily as NH; dissociates into nitrogen gas and hydrogen gas.
The reaction must take place at the surface of the steel. Therefore, the nitriding potential is
gauged by the amount of undissociated ammonia in the furnace inlet available to dissociate at the
steel surface. If the dissociation rate is high (it is measured going into the furnace) then there is
less ammonia available for dissociation at the steel surface, and a lower nitrogen concentration
profile results. If the dissociation rate is low, then there is more ammonia available for
dissociation at the steel surface, and a higher nitrogen concentration profile results.

The first group of experiments were performed in a fluidized bed at Massachusettes Steel
Treating. Two nitriding times and two dissociation rates were chosen with all four combinations

performed. Below, the specific parameters of the designed experiment are shown:

Massachusetts Steel Treating, Fluidized Bed Furnace, 524°C ( 975°F)

Exp. Nitriding Time Nitriding Conditions

(hours) Gas flows (¢fh): NH; N, Propane
16H 16 300 300 200
32H 32 300 300 200
16L 16 600 300 200
32L 32 600 300 200

The general trend seen was that the lower the dissociation rate the higher the hardness as
discussed in Section 4.2.1. The magnitude of the residual compressive stress follows the same

pattern as the hardness data. The compressive stress increases with a lower dissociation rate. All
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of these trials produced a nitride network in the nitride case structure. Future trials will attempt
to reduce or eliminate the network. The higher dissociation rate trial (16H and 32H, 300 cfh
ammonia) attempted to reduce the network. It became apparent that to reduce the networking
further, lowering of the dissociation rate was necessary.

Concurrently with the designed experiment at Massachusetts Steel Treating, an initial trial
was performed at Lindberg in their retort gas nitriding process. The first trial was their standard .
process, which runs 48 hours. The first 8 hours were at 20% dissociation and the last 40 hours
were at 80% dissociation. The process resembles boost-diffuse carburizing. The data for this
trial are contained in Sections 4.2.1 and 4.2.2. There was a nitride network in the case
microstructure.

The next cycle was to nitride 60 hours at a constant 50% dissociation rate at Lindberg. The
results from this cycle are in Sections 4.2.1 and 4.2.2. In general, the hardness was good, the
residual stress was good, but the nitride network remained.

We then decided on another cycle to be tried on the fluidized bed. The cycle was divided
into two halves with each half having a different nitriding gas composition. The cycle gas flow

rates are shown below.

Exp Nitriding Time Nitriding Conditions
(hours) Gas flows (cfh) NH; N, Propane
32HH 16 300 300 200
16 150 450 200

This cycle was similar to the originai boost and diffuse cycle used at Lindberg. The result of this
cycle is contained in Sections 4.2.1 and 4.2.2. The hardness was good, residual stress was good,
and the network remained. |

The final cycle that was performed at Lindberg consisted of a repeat of the previous cycle at
Lindberg except the temperature was raised to 538°C (1000°F). The effect of nitriding
temperature on the degree of nitride networking was examined. The cycle showed the same
nitride network; and the higher temperature, which is above the tempering temperature of M50

NiL, made this temperature too high to consider further.
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A similar higher temperature cycle was performed using the fluidized bed furnace at
Massachusetts Steel Treating. The furnace conditions were the standard gas compositions used
in experiment 32L, except that the temperature was raised to 538°C (1000°F). Again this cycle
was used to determine if raising the nitriding temperature would help to reduce the nitride
network. The results showed that the hardness and residual stress were acceptable but the higher
temperature during nitriding did not seem to reduce the network to any significant degree.

Cycles for rolling contact fatigue testing were chosen based upon hardness, residual stress,
and depth of case. Deep cases would be needed for future processing of bearing rings. The first
cycle to be tested in rolling contact fatigue was the 32 hour cycle using the fluidized bed furnace
(ferritic nitrocarburizing). This cycle produced one of the higher surface hardnesses on both
steels, and high compressive stresses were present in the nitrided case.

The second cycle that would be tested using the RCF rod testing machine was 60 hours with
50% dissociated ammonia and a temperature of 524°C (975°F) at Lindberg.

Both of the chosen cycles for RCF testing had high hardness and high residual compressive
stress profiles for each type of nitriding. Without further nitriding trials to experiment with
various gas compositions, reduction of the nitride network could not be accomplished without
sacrificing hardness and compressive residual stresses.

A summary of all the nitriding experiments is shown below in Table 4.2-1. Massachusetts
Steel Treating (fluidized bed, ferritic nitrocarburizing) is denoted by MST. Lindberg Heat
Treating (retort furnace, gas nitriding) is denoted by LDBG. Unless noted,. all cycles were
performed at 524°C (975°F).
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Table 4.2-1
Summary of Experimental Nitriding Parameters

Exp. Nitriding Time Nitriding Conditions
(hours) Gas flows (cfh): NHj3 N; Propane
16H (MST) 16 300 300 200
32H (MST) 32 300 300 200
16L (MST) 16 600 300 200
32L (MST) 32 600 300 200
32HH (MST) 16 300 300 200
16 ‘ 150 450 200
*32L, 1000°F (MST) 32 600 300 200
48STD (LDBG) 8 20% dissociation rate
40 80% dissociation rate
*60CON (LDBG) 60 50% dissociation rate
60CON, 1000°F (LDBG) 60 50% dissociation rate

* Chosen for RCF rig testing of MSO and M5ONIL steels

4.2.1 HARDNESS

The hardness of the nitrided case was the most important factor in choosing the best nitriding
cycle. The case hardness at the ground surface must be near Rockwell C 70 in order to be
considered further in our analysis. The goal of producing an improved surface for silicon nitride
balls to roll against dictates that the steel be significantly harder than what can now be achieved
using conventional steels.

Our experiments showed that the highest hardness resulted from the most amount of
available nitrogen. Whenever the nitriding "potential” was decreased to try to reduce the nitride
network, the hardness dropped by one or two Rockwell C points, and the nitride network
remained. Therefore, the conclusion was that whatever nitriding "potential" was necessary to
reduce the nitride network would not come close to producing the high hardness desired to
complement the silicon nitride balls.

Figures 4.2.1-1 and 4.2.1-2 show the hardness profiles of all of the experimental nitriding
cycles for M50 and M50 NiL steels, respectively. The graphs are quite crowded with data and
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are not intended to show every detail about the various hardness profiles. They should be
examined with the idea of seeing the range of hardness profiles produced by all of the nitriding
experiments. Figures 4.2.1-3 through 4.2.1-21 show the individual hardness profiles for each of
the nitriding cycles. The hardness profiles for nitrided M50 steel are Figures 4.2.1-3 through
4.2.1-11 and the hardness profiles for the nitrided M50 NiL steel are Figures 4.2.1-12 through
4.2.1-20.

4.2.2 RESIDUAL STRESS

Residual stress was the second most important parameter behind hardness for deciding
which nitriding cycle would be tested in rolling contact fatigue on the RCF rig. The same trends
seen in the hardness data were observed in the residual stress data. The cycles which produced
the highest hardness also produced the highest residual compressive stress profiles. No trade off
decisions involving hardness and residual stress were necessary. When the nitriding "potential"
was reduced to try to reduce the nitride network in the nitrided case, the beneficial residual
compressive stresses become smaller in magnitude and shallower in depth. Figures 4.2.2-1
through 4.2.2-9 show the residual stress profiles for all the experimental cycles for M50 steel.
Figures 4.2.2-10 through 4.2.2-18 show the residual stress profiles for all the experimental cycles
for M50 NiL steel.

16




SE0°0

sojdueg QSN ‘S9194) SuIpInIN L LELHTREDIN G |

(sayouy) wpdaq

I-1°T'p andiyg

0€0°0 $70°0 020°0 ST10°0 010°0 $00°0 000°0
i 'y 1 2 [l 2 Py 5 A 1 " 2 1 Y 2 .2 | a a 2 2 em
HAVIO SSHNQYVHOS N i bm.
_ 8¢
65
19
| 29
L €9
[ po
59
0SIA ‘puyy pIg s
_ 99
OSINISINPIE v L
L L9
0SIN-PUI'] v A
‘ . 89
OSIN ‘LS PUZ Qg !
. L 69
OSIN 'pulj puz x s
. L 0L
HZE ‘OSW-LS o |
H9I ‘OSIW-LSIN o i I
1EOSIN-LSIN o ..Nh
IO OSWASH 4+ S9IJoad SSaupJIeH a
YL

(34 [PM}O0Y) ssaupiey

17



S€E0°0

so[dureg TIN OSI ‘sopAD SuipiyiN [eyusuiriadxy  Z-y°7'p danig

(sayouy) ydag

0€0°0 ST0°0 020°0 SI0°0 010°0 §00°0 000°0

N 1 . M M N 1 A M A a 1 A M a A [l N A " i 1 N A A " 1 s A A i nm

HAVIO SSENGIVHINOSW | e

[ ss

9

[ L5

g

65

.n 09

TN 0SIA ‘Puy] pIg - 19

TN OSIN LS PIE v i @

“IN 0SIN-PUYT o - €9

BN OSIN ‘LS PUT g ! b9

TIN OSIAL ‘PUT PUT 59

HZE “IIN 0SW-LSIN o 99

HII “IIN OSIN-ISIN o i L9

I1Z€ “TIN 0SW-LSIN o g
191 “TIIN OSW-ISIN 4 i

S3[IJoaJ SSIUpJIeH 69

0L

(39 [[PMY20Y) ssaupIey

18



dvwWIN pag PIZIPI|] € Ul JSL6
‘a)8Y UOIBIOSSI(] MO ‘sanoy 9T PIPLYIN 0SIN  €-1°C"p 9n31g

(sayouy) ydaq

SE0°0 0€0°0 §T0°0 020°0 s10°0 010°0 §00°0 000°0

A NI P SR S Gl S I A S P NS S U S WP U VA S S T WP VAV VA ST Y T Y ddodoad o 2 4 aoa a2 a b a2 o a2 22 2, &m

€ HAVIO SSANAIYVH

- 6

- 19
- 79
”. £9
o
59
..ew
- L9
- 89
69
.nab
3[1JoIJ SSIUpICH | | R

L

19

(:) “QMSPO}I) SssaupieH



ddeuang pag pazIpmiy e ul JSL6
‘ajey UONEBIIOSSI(] MO ‘SIN0Y 7€ PIPLYIN OSIN  p-1°C'p 2an31yg
(sayouy) wdaq

S€0°0 0€0°0 ST0°0 020°0 S10°0 010°0

§00°0

000°0

s s 2 2 8.2 2 & 0 2 8 8 32 8 222 3 b 8 s 3 s 2 o 2 4 2 8 22 2 a2 a s s a M a2 s 2 s a2 s Vs s sa s aaaat a2 a2 &m

IJiJord SsaupJJelH

L HAVYO SSINAQUVH

- 6
09
19
29
)
b9
59
99
19
..ww
69
.nch

- 1L

b

<L

O [[PMNO0Y) SsdupIey

20



0BUIN] POy PIZIPING] © Ul ASL6
‘3yey uoneRossIYSIH ‘sInoy 9 PIPLYIN 0SIN  S-1°T°p 2n31g

(sayduy) wpdag

0€0°0 €T0°0 020°0 sI0°0 010°0 $00° 000°0
PUSY U W | P Y Ad

s s a2 2 2 a2 a L o o 2 2 2 2 s 2 a b s aa s g 2t s atoa p p b opbdod) i 2 a2 2 2 a2 a a2 bos 2 8B A b

8S
SHAVEOSSANMIVH |
- 65
09
19
29
e
[ b9
=
.. 99
19
.. 89

- 69

- 0L

dIIJorJ SsoupJIely ”.:

<L

21

(D 1PAYP0Y) SsdUpIEH



doeuan,] pag PIZIpMig € ul JSL6

‘3yey uonEOsSI(J YSIH ‘sanoy 7€ PIPHIN 0SIN 9-1°CTP aandig

(sayouy) wdaq

SE€0°0 0€0°0 §T0°0 020°0 SI0

‘0

010°0

$00°0 000°0
s a2 s b o i

[ijoxd ssaup.Jefy

6 HAVUO SSANTIVH

8S

- 65

- 09

- 19

- 79

- €9

- ¥9

- S9

- 99

- L9

- 89

- 69

oL

O “ampou) ssaupJsH

22



IIBUINY J110)3Y sen) e ul

‘Ayey UONEBIOSSI( % (S ‘SINOY 09 PIPLIN OSIN  L-1°T'b 2anSiq

(sayoug) ypdaq
S€0°0 0€0°0 SZ0°0 020°0 ST10°0 010°0

s 2 2 2 2 2 2 2 o 0 2 s 2 s s 3 2 2 2% 3 a2 2o a 2 ) o2 2 s s s aa a1 2 s oap g p A s a2

$00°0 000°0

Ado b b s M s a0 A 2 3 4 i 4

I[iJodd SSoup.deH

11 HAVYEO SSANAIVH

sS

- LS

- 6S

- 19

- €9

3

- S9

- L9

- 69

- 1L

-

- €L

SL

(O 1PAYP0Y) Ssaupieq

23



deuany pag pIazpmiy e ul 4SL6
‘ajey] uoneossi(] Y3 € e sInoy 9y uay)

ayey uonEROSSI(Y YSIH ‘SIN0Y 9 PIPLIIN 0SIN  §-1°C'y 2In3LA

(saydu) ydaq
SE0°0 0€0°0 $70°0 020°0

---------

SI0°0

---------

010°0 S00°0 000°0

a[ijoag SsoupJel

--------- | TIPS WP VP S S ST T

- 79

- €9

- 9

- S9

- 99

- L9

- 89

- 69

oL

(O 1PMAY0Y) SSAUPIBH

24



JorUIN,] }10)IY Se9) e ul JSL6
‘s590044 danpury dy) Jod PIPININ 0SIN  6-1°C"p 2n3Lg

(sayouy) ydaq
SE0°0 0€0°0 $Z0°0 020°0 S10°0 010°'0

§00°0

000°0

dijoag Ssoupaey

1 HAVYO SSANIVH

.............................-........._.................-........... wm

..am
..cw
19
29
“.mw
..ve
.-me
o9
1o
.uww
69
o

- 1L

L

O I]GM)]OOH) sssupiey

25



PY WY SIS S S |

sovuIng Pag PIZIPIL] & ul 40001
‘0yey UONEI0SSI(Y MO ‘SINOK T€ PAPLIIN OSIN  01-1°T' 2In3LA

(sayouy) wpdag
0€0°0 sT0°0 020°0 s10°0 010°0 €00°0 000°0
s doa 3 o 2 2 2 s a2l s 2 PP WA TIE DY W U T

-.---—-..-.-.-.-.-...--..-.-.-- ew

L1 HAVYO SSANAYVH
- LS

- 85
"I// B .

- 65

..cw
19
29
.lne
1o
o
99
19
9

joad SsaupJeH 69

0L

26

O "a.mpoa) ss3upIey



SE0°0

JoewaIn,j 1103 ses) e ul J000T
‘apey UoNeOSSI(q %0S ‘SANOH 09 PIPLIIN OSIN  T1-T°TY aIn3ig

0€0°0 ST0°0 020°0

s s s a2 2 2 a2 boaa s s aaaa s loa o an saaaaal

(sayoug) yydag

SI0°0

c—: e

'y

$00°0 000°0

PUEIPYT S WU U WOV VU VT S Y S S |

I[IjJodd SSaup.JeH

€1 HIVYO SSANAIVH

0s

o

- 7S

- VS
[ o
8
09
- 29
.svw
- 99
89
- 0L
- TL
- YL
oL

- 8L

08

O “am}poa) ssaupaeHy

27



advuINj Py PIZIPINLA € Ul ASL6
318y UONEIOSSI( MO’ ‘SINOF 9T PIPMIIN TIN 0SINL  ZT-T1°T' 2an3id

(sayouy) ydag

SE0°0 0£0°0 $T0°0 020°0 S10°0 010°0 $00°0 000°0

-----—-b-------n-—----.—b-.-------b-----

¥ HAViO mwng*-

IJIJoad SSIuUpJeH

9s
- LS
85
65
- 09
19
- 79
69
19
.. s9
99
L9
”. 89

- 69

oL

O “3&\){30){) SSOUpIEH

28



adeUIN Pag PIZIPIN] € Ul ASLG
‘a)ey UONBIDOSSI( MO ‘SANOK 7€ PIPHIIN TIN 0SIN  €1-T°T'H 24314

(sayduy) wpdaq

SE0°0 0€0°0 $70°0 020’ €10°0 010°0 S00°0 000°0
--------- -...--.-..-----..---.-.-..---.n-.-...-.-.. em

8 HAVYO SSUNAIVH

- LS
- 8§

- 6

09
19
29
..me
o
=
99
19
g9

J[1J01J SSOUpPICH 0

0L

29

(O []3&)]30}1) SSaupIeH



S€0°0

dBUINJ Pag PIZIPIL] & Ul JSL6
‘ayey uonerossi(q YSIH ‘SANOH 9T PIPLIIN TIN 0SIN  1-1°T'p 2n31g

(sayouy) ydaq

0c0°0 €T0°0

§ T Y N WV VA T SO S U Y

0Z0°0 SI0°0 010°0 $00°0

000°0

dijoag ssdupaey

PR SV W VT W W'y

9 HAVYIO SSANAQYVH

Andiand.

9s

- LS

- 8§

- 6

- 09

- 19

- 79

- €9

- 9

- §9

- 99

- L9

89

(D 1PMYJ0Y) SSAUPIEH

30



aoBUIN] Pag PIZIPINE] € Ul 4SL6
‘183 UONEIROSSI(Y YSIE ‘SINOH Z€ PPPLIIN TIN 0SIN  ST-T°T'p 2an314

(sayduy) ydaa

0€0°0 $T0°0 020°0 s10°0 010°0 §00°0 000°0

-.-.--.-.---...b-.--.--.-»--.--.--.--.--.-.-.- wm

O HAVUO SSANGYVH |
v - LS

- 8S
- 6S

- 09

a
>
fo) [[PMNO0Y) Ssaupaey

I[IJodd Ssaup.Jel

31



JdruIn 110J3Y Seq) B ul ‘dey
UONBDOSSI( % 0S ‘SINOH 09 PIPLBIN TIN 0SIN  9T-T°T'p 2ans1g

(saypuy) ypdag

SE0°0 0€0°0 §T0°0 020°0 s10°0 010°0 $00°0 000°0

2 2 s 2 2 2 2 2 Loa a2 32 2 s a s aa b s a a2 2 s a b s s

e s a2 aal a2 2 a2 a2 2 adoa s s s 2 aidedsdobdddbedededed WW

T1 HIVYO SSEHNQIVH

- 85

- 09

- 79

- ¥9

- 99

..we
a[IJoag SsdupIeH

0L

32

O “ampou) ssaupJeH



aoevuan pag pdzIpmig € ul 4SL6
‘3183 UONEINOSSI(] JOYSIH © & SINOH 9T uay)} ey

uoneossi(] YStH ‘SANOH 9T PIPMIN TIN OSIN  LI-T'TY aand1y
(sayouy) wdaq

.0€0°0 §T0°0 020’
Loa_s | -

s s s s s a2 b & 2 2 s 2.3 a2 s

0 S10°0 010°0 §00°0

s a2 s 2 2 2 s 2 b s a2 a an a2 s a dos s s bbsa PEIPU BNV VN S N

000°0

91 HAVYO SSHNAUVH

IijJoad Ssaup.aef

t 5
[ 9
s
g5
| 65
09
19
29
)
[ b9
[ 9
[ 99
[ 1
89

- 69

oL

(O 1PMYD0Y) sseupIEH

33



dvUan g }10)3Y Se) e ul JSL6
‘s520.1 danpur 3y) 1ad papLiIN TIN 0SIN  ST-T°T'p 21n3ig

(saydug) ypdag

$€0°0 0€0°0 ST0°0 020°0 SI0°0 010°0 $00°0 000°0

-----—-F---b--h-----hp-------—--.------n-

THAVYO SSHNTQIVH

IJiJoad sSsaup.Jaey

9s
- LS
- 8§
- 6S
- 09
- 19
- 79
" .mw
[ bs
- S9

- 99

- L9

89

O [IPMNO0Y) SSaUpIBH

34



drWIN PIg PIZIPINL] € Ul 70001
‘3)ey UONEINOSSI(Y MO ‘SINOH 7€ PAPHIIN TIN 0SIN  61-1°T'p 3n31d

(sayoug) ydag

SE€0°0 0€0°0 §T0°0 020°0 SI10°0 010°0 $00°0 000°0
P 1 aal

L & & s aca 3 s a b s 2 s s s 2 s a2 b o s a2 f 2 2 2 o2 2 s s a2 a a2 1 4 2.3 2 2 5.2 23 Gm

s 2 2 2 s a s b s s a2 2 3 2 2

81 HAVYUO SSEHNAQIVH

INm
- ¥S
- 95
- 85
- 09

- 79

9J1JOdd SSaupJIeH

.35

O “3M§]30}I) sssupiey



IBUINY J1033Y Sey) & ul J0001

‘e UOHEBIIOSSI % (S ‘SINOH 9 PIPLIN "IN 0SIN  0Z-T°T'p 2andig

SE€0°0 0€0°0 §T0°0

------ PO NS T S S T W S W |

P G Y VT DAY T |

(sayduy) yidag

020°0

S10°0

dadednd.

P O S T S WY

010°0

$00°0 000°0

djoag SsoupJef

¥1 HAVHO SSANTIVH

0s

3

- 7S

- ¥S

- 95

- 8S

- 09

- 79

- 9

- 99

oL

(O 1PMAYI0Y) SsssupIeH

36



010°0

600°0

advuIny pag PIZIPIML] © Ul JSL6
‘918 UONEBINOSSI(] MO ‘SANOH 9T PIPLIIN 0SIN  1-T°T'p 2n31g

(ssyouy) wdaq

800°0 L00°0 900°0 S00°0 $00°0 €00°0 200°0 100°0 000°0

A A A A A A

s ovL-
SHAVYD SSHULS TVNAISTY
- 0L~
- 0TI
- 011
- 001~
L 06-

- 08-

- 0L

0s-
- Ob-

ssax)g renpisoy |

0T

(1S)) Ssa;S [enpisay

37




aovuANg Pag PIZIPINLA € Ul ASL6
‘3)ey] UOHBIDOSSI(] MO ‘SINOY Z€ PIPIIN OSI  T-T'T'p 2An31g

(sayouy) pdag

010°0 600°0 800°0 L00°0 900°0 s00°0 $00°0 €00°0 200°0
A 1 4 | ] 1 1 s i 1 1

e A

100°0 000°0
1 . 091-

"

9 HAVYO SSHILS TVNAISTY
- 0ST-

- Op1-
- 0ET-
- 0C1-

- 011"

- 08-
- OL-
- 09-

sSaa)S [BNPISAY u

38

(15¥) SsaxS [enpisay



L00°0

9200°0

adewIN Pag PaZIpIn|] © Ul JSL6
‘a)ey uonerOSSI(Y YSIH ‘SINOH 9T PIPHIIN 0SI  €-7°T' 2anS1g

s00°0
]

(saydug) ypdaq

$00°0
1

€00°0
1

00°0 100°0
1 1

000°0

L HAVYO SSHULS TVNAISTY

SSaI)S [enpIsdy

sLI-
[ so1-
| ss1-
[ sp-
[ se1-
| sz1-
[ str-
| sor-
| s6-
[ sg-
[ st
| go-
| ss-

- Sp-

1

- ST~

-ST-
. G-

(1sy) ssa;S [enpisay

39



ddeUIN] PAg PazIpMI € ul JSL6
‘d)ey uonenossi(y Y3y ‘SInol 7¢ PIPIIN 0SIN- $-T°T'b 2an3Lg

(sayouy) ydaq

800°0 L00°0 900°0 $00°0 y00°0 €00°0 200°0

100°0 000°0
1 4 091-

- .
$HAVYD SSHULS TVNAl . os1-

 ov1-
 oer-
 ozt-
[ orr-
 or-
_ o6-
o8-
oc-
[ oo-

- 05"

- Ob-

mmu.:m enpisay  [*
0T

40

(!S}I) SSaI)S [enpisay



drwIn f 11033y Sk € ur
ey UONEROSSIA % 0S ‘SINOH (09 PAPLIIN 0S|  S-7°T'p 2InS1g

(sayouy) wpdag

020°0 810°0 910°0 v10°0 10°0 010°0 800°0 9000 v00°0 c00°0 000°0
A 1 s 1 i 1 L 1 1 ] i

. SLI-

6HAVYHD SSHULS TVNASTI - S91-

[ ss1-
[ spr-
[ ser-
| sz1-
si1-
[ so1-
| s6-

| sg-

st

 so-
-
 sp-
[ s¢-
[ sz

ssa1}g [enpisay |

41

(15)]) $sAMS [ENpISAY



pi0°0

1o’

soBuInyj Pag PazIpMI & ul JSL6 ey
uoneOoSSI(] JIYSIH € SINOH 9] JdYJouy UL,

ayey uoneossi(q YSIH ‘SINOH 9T PIPIBIN 0SIN 9-7°T'p 2andig
(sayou]) wdag

010°0 800°0

900°0

$00°0 700°0 000°0
£

OTHAVYO SSHILS TVNAISHd

SSoI)S [enpisoy

0SI-
_ opr1-

3

o€t
[ oz1-
[ or1-
| o0t
 06-
o8-

- 0L-

(!S}I) $S31)S [enpisay

42



020°0

r

810°0
1

910°0

A

JdrwIN }10)3Y Seo) & ul JSL6
‘559001 2anpuy 3y 1d PIPLYIN 0SIN  L-T'T'Y dn3Lg

y10°0

a

(sayouy) wpdag

c10°0

010°0

800°0 900°0 $00°0 c00°0

r e

000°0

€IHIVYO SSHULS TVNAISHY

SSaJ)S [enpisday

ov1-

- OET-

- 0C1-

- 011~

- 001~

- 06-

L

- 08"

- OL-

- 09-

- 08-

- 0b-

- 0€-

-0C-

-01-

0

(1s}]) ssaxiS [enpIsay

43



020°0

810°0
1

91070

adeuang pag PIZIPML] € ul 40001
a)ey UOHRINOSSI( MO'T ‘SINOH TE€ PAPHIIN OSIN  8-7°T'p dan31g

y10°0

(sayoup) wdaqg

10°0
1

0100
1

800°0

$00°0 200°0
1 ]

'900°0
-

000°0

STHAVYO SSTULS TVNAISHd

SSaJ)S [enplisay

0sT-
 ov1-
o1
 oz1-
_ o11-
 go1-
[ 06-

(1)) SSNS [enpIssY

44



JdrwIN 110)3YY Sk e ur JO00T
‘9)e UOHEBIOSSI(Y % 0S ‘SINOF 09 POPIIIN 0SIN  6-TTp 231

(sayduy) wdag

020°0 810°0 9210°0 p10°0 <10°0 010°0 800°0 9200°0 $00°0
1 1

1 A 1 A 1 A L A L M | A 1

200°0 000°0
1 : 0st-

LIHAV YO SSHULS TVNAISHY L OpL-

 oc1-
 oz1-
L or1-
 o01-
[ 06-
o8-
[ o.-
 09-
 os-
[ ov-
 o¢-

- 0C-

- 01

SSaI)S [enpisday

0

45

(1s)) SSaMS [enpisay



10’0

ddeuInj pag PIZIPINY © Ul 4SL6

‘ajey UO)BIIOSSI(Y MO ‘SINOK 9T PIPMIIN TN 0SIN  O1-T'T'p 2an3Ld

010°0

800°0

(sayoug) ydaa

900°0
1

$00°0 200°0

000°0

THAV YD SSTULS TVAdISHd

SSAX)S [enpIsdy

00c-

- 081~

- 091

- 01~

- 0C1-

- 001-

- 08~

- 09-

- Ob-

- 0C-

(1s3]) SSaI}§ [enpisay

46



vio°o

deuIny pag pazIpImL] & ul 4SL6
‘a)ey UONEIOSSI(J MO ‘SINOH 7€ PIPLUIN TIN 0SIN  T1-T°Tp 2An31g

(sayoug) ydaq

10°0 010°0 800°0 900°0 $00°0 200°0
a 1 1 1 a ) — a 1

000°0

THAVYEO SSHELS TVNdISTd

SSaI)S [enpIsay

oLt~
.. 091-
.s 0s1-
.. ovt-
.. oer-
.u oz1-
.. orr-
.. 001~
[ o6-
o8-
o-
”.ew.

- 0S-

- 0b-

gl

(1) SsaJ)S [ensIsay

47



y10°0

10°0
1

advuUAN Pag PIZIPIN] € Ul ASL6
ayey] UONEI0SSI(] YSIH ‘SINOH 9T PAPIIIN TIN 0SIN  TI-TT'p 2an3Ly

(sayoug) ydeq

010°0

800°0

900°0
/]

y00°0 200°0
1

000°0

€HdVHD SS3ULS TvNAIS3d

SS9J)S [enpIsay

00z-

- 081~

- 091-

- Op1-

L 0TI~

- 001~

- 08"

- 09-

- Ob-

- 0C-

(15)) SSauS [eNpISAY

48



010°0

600°0 800°0

dvWIN ] Pag PIZIPIN|] © Wl JSL6
‘apey uonepossI(q YSIH ‘SINOH 7€ PIPMIN TIN 0SIN  €1-7°7b 4nS1g

L00°0

Y

900°0

(sayduy) mdaq

$00°0

$00°0

€00°0

200°0 100°0

000°0

PHAVYUD SSTLLS TVNAISTY

SSaa)S [enpIsdy

. ovi-
- 0E1-
- 01

- 011~

3

- 001-

- 06-

b

- 08"
- 0L

- 09-

- 08"
- 0b-

- 0€-

- 02

b

-01-

(1s}]) SsanS [enpisay

49



p10°0

10°0

1

Joruan| 110)Y ses) e ul
)8y UONBIOSSI(Y % 0S ‘SINOH (9 PIPHIIN TIN cm—Z pI-7 TP a3

(sayouy) ypdaq

010°0

800°0
1

900°0

$00°0 200°0

000°0

1THAV 49D SSHILS TVNAISHY

$S3.J)1S [enpisoy

ov1-

- ST~

(1sy]) ssanS [enpisay

50



aovuInj pog pIZIpIY € Ul JSL6 ‘el
uoneOSSI(] JAYSIH © )8 SINOH 9] JAYjouy udy[,

ayey uonepossI(y YSIH ‘SINOH 9T PIPLHIN TIN 0SIN ST-TTp 2In314

(sayouy) ydaqg
vi0°0 10°0 e;.c_ 800°0 900°0 $00°0 200°0 000°0
2 1 N 1 2 1 1 a 1 a 1 s GQH..

TIHAV YO SSTULS TVNAISHY

- 0ET1-

- 0C1-

- OV 1

- 001-

- 06~

- 08"

- 0L-

-09-

- 0S-

- Ob-

SS9.q)S [enpIsay >

0Z-

51

(1sy]) SssaxyS [enpisay



eUINY 31033 Sen) e ul JSL6
‘8530014 danpurg ayy 1ad papLYIN TIN 0SIN  91-C°T'p din31g

(sayoup) pdag

910°0 p10°0

10’0 010°0 800°0 9200°0 $00°0 200°0

NP NPV NI VU SN U NN VHUAr UH S S R S S | bebd

000°0

YIHIVYO SSHULS TVNAISHY

SS9a)S [enpIsay

0z1-
o1
[ o01-
 06-
[ 0s-
o
09
 os-
o
| oc-
[ oz-
or-
Lo
o1

3

1[4

(1)) ssaa1S fenpIsay

52



020°0

810°0

910°0

adeuIny] pag poZIpML € ul 10001
‘9)Ey UONEIN0SSI(] MO'] ‘SINOK Z€ PIPIIIN TIN 0SIN  LI-T'Tp 2An31g

y10°0
1

(sayouy) ypdaq

10°0

010°0

800°0

900°0 $00°0 200°0

000°0

9IHAVUO SSHYLS TVNAIST

ssad}S [enpIsay

ocl-

- 0C1-

- 011

- 001

- 06~

3

- 08"

- 0L

- 09°

- 0§~

- Ob-

- 0€-

- 0C-

o1

(1)) SSAMIS [ENPISAY

53



070°0

810°0

9210°0
1

aoruIng }10)3Yy seo) & ul J000T
‘338 UONBIOSSIA % 0S ‘SANOH (9 PAPIMIN TIN OSIN SI-TTY e.—:w_,m

y10°0

(sayaug) ydag

10°0
1

010°0

800°0

900°0 $00°0 200°0

000°0

SSAI)S [enpISay

SIHIVYIO SSHILS TVNAISHY

ovI-
_ 0€T-
_ 0z1-
| o11-
_ 001~
_ 06-
08
oL
_09-
_0s-
 op-

- 0t~

0z-

(15y) SsaxIS [enpisay

54



4.2.3 NITRIDED CASE MICROSTRUCTURE

The nitrided case microstructure was examined for each nitriding trial. Figures 4.2.3-1
and 4.2.3-2 show a typical nitrided case microstructure for M50 steel. Note the large primary
carbides present in the M50 steel. Figures 4.2.3-3 and 4.2.3-4 show a typical nitrided case
microstructure for M50 NiL steel. Note the fine dispersion of carbides in the M50 NiL steel.
The nitrided case microstructures did not vary much for each of the different nitriding
experiments. There was also no difference in the appearance of the microstructure between the

two types of nitriding processes.
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Figure 4.2.3-1
Photomicrograph showing typical nitrided case, M50 steel
100X, Nital Etch

- Figure 4.2.3-2
Photomicrograph showing typical nitrided case, M50 steel
400X, Nital Etch
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4.3 EXPERIMENTAL NITRIDING CONCLUSIONS

All of the experimental cycles produced substantial increases in hardness and residual
compressive stress to some degree; therefore, we conclude that nitriding of M50 and M50 NiL
steels will be a reliable process tolerant of minor production variations.

Below the white compound surface layer, which is always removed for rolling contact service,
the variations in microstructure for the different nitriding cycles were small.
High nitriding potential (LOW dissociation rate) of the atmosphere is the most important
factor in producing deep cases, more so than time in the furnace.
The optimum cycles selected for rolling contact fatigue rig testing, based upon hardness,

residual stress and case depth, were:

Ferritic Nitrocarburizing, fluidized bed furnace, 32 hours, 524°C
(975°F), Standard Low Dissociation rate at Massachusetts Steel

Treating, Worcester, Massachusetts.

Gas Nitriding, retort furnace, 60 hours, 524°C (975°F), 50%
dissociation rate at Lindberg Heat Treating Company, Worcester, .

Massachusetts.
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5.0 ROLLING CONTACT FATIGUE RIG EVALUATION

Initial rolling contact fatigue was studied using a standard RCF rolling contact fatigue test
machine. The expense of manufacturing full scale bearings for rolling contact fatigue testing is
not feasible for studying many different variables affecting the fatigue life. The rod machine
samples are relatively simple to manufacture and the test gives fatigue results in a timely manner.

The RCF test was used to compare nitriding cycles and determine the nitriding cycle which
yielded the greatest fatigue life for each material, and the nitriding cycle which shows the longest

life for each material to be used for the full scale bearing testing.

5.1 TEST CONDITIONS

The RCF three-ball-on-rod testing machine is shown scherﬂaﬁcally in Figure 5.1-1. The test
specimen consists of a 9.525 mm (0.375 inch) diameter cylindrical specimen which was finished
to the print in Figure 5.3-5. The specimen is inserted into a locking collar which is connected to
the drive shaft of an electric motor. There is an assembly which positions three roﬁghened 52100
steel balls at 120° from each other around the shaft. The balls are roughened to 0.089 um R, (3.5
pin R;). Springs in the assembly are tightened down, pushing the balls against the shaft with
enough force to result in a maximum contact stress of 5.42 GPa (786 ksi). The shaft rotates at
3600 rpm. The lubrication for the test is supplied by dripping oil onto the shaft/retainer at a rate
of one drip every 8 to 12 seconds. The lubricant is a light Turbo oil (2380) produced by Exxon.

The springs are calibrated frequently to ensure that the correct force and therefore that the

correct maximum rolling contact stress is being applied to the test specimens.
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Figure 5.1-1
Diagram showing the RCF Test Rig, Glover (4)

5.2 BASELINE DATA

The results of the tests of the nitrided M50 and M50 NiL steels under this contract were
compared to previous tests of non-nitrided M50 and M50 NiL steels. Weibull analyses were

used to evaluate and compare the data from all tests.
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5.3 MANUFACTURING PROCESS, RCF SPECIMENS
The manufacturing process is diagramed in Figure 5.3-1, below.

Start

/
/

Soft Machining

/

Heat Treatment
Carburizing (M50 NiL only)
Hardening
Tempering

/

Rough Grinding

/
Nitriding

/

/

Finish Grinding

/

/
Polishing

/

/

End

Figure 5.3-1
Manufacturing process for nitrided steel bearing components

When these materials are used in manufacturing without nitriding, rough and finish grinding

is performed after heat treatment. Nitriding changes the process slightly.

Nitriding has a

relatively shallow effect on the treated parts and must be performed with a minimum of grinding
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stock on the part; otherwise the nitrided case will be ground off. Surfaces must be rough ground,
nitrided, and then finish ground. Rough grinding removes the surface effects and corrects any
distortion from the heat treating operations. The size change during nitriding is very small
because there are no phase changes or quenching in this process; therefore, finish grinding needs
only remove any compound layer and create a smooth surface for testing.

The first step in manufacturing the RCF specimens was the soft machining of the samples.
The steel was ordered in the form of half inch diameter bearing quality bar stock. Next, for each
steel, M50 and M50 NiL, the bar was soft machined to the diameter shown in Figures 5.3-2 and
3, respectively. The diameters of the soft machined RCF rods were different for each type of
steel because the basic heat treatment given to the RCF rods differs for each steel. As seen in the
figures, the M50 steel RCF rods were machined to a diameter of 10.033/10.160 mm (0.395/0.400
inches). The M50 NiL steel RCF rods were machined to 10.287/10.414 mm (0.405/0.410
inches) diameter. The M50 RCF rods only were through hardened, while the M50 NiL RCF rods
were both carburized and hardened. The carburizing can produce more distortion and surface
effects in the rods and, therefore, more grinding stock is left on these rods. After soft machining,
the RCF specimens were ready for heat treatment.

Both materials were put through the standard heat treating cycles for these materials. Samples
were taken at the end of the heat treatment process for both materials and destructively tested for
hardness and microstructure. After assurance that the heat treated rods were of acceptable
metallurgical quality, they were ready for prenitriding (or rough) grinding.

At this point, both materials were ground to the same dimensions because there is very little
dimensional change during the nitriding process. Also, both the fluidized bed and gas retort
nitriding cycles were ground to the same prenitriding size. For both steels and nitriding
processes, less than 0.0762 mm (0.003 inches) were removed from the diameter of the RCF
specimen after nitriding. The pre-nitriding print for the RCF rods is shown in Figure 5.3-4.

With all RCF rods ground to 9.5885/9.6012 mm (0.3775/0.3780 inches) diameter, half of the
rods made from each material were nitrided per the two cycles chosen for the RCF testing as

detailed earlier in this report. Finally, after the rods were nitrided, they were ready for finish
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grinding. The finish grinding print is shown in Figure 5.3-5. The specifications on the surface
finish for the RCF specimens are maximum Least Squares Cylinder of 0.635 pm (25 pinch)
radial deviation and maximum R, of 0.102 pm (4 pinch). All RCF rods for this contract were
within these specifications. The RCF rods were finished after nitriding at Zerocheck, Litchfield,
CT.

5.4 SUMMARY OF RCF TESTING
This section discusses the results of the two RCF tests for each material. Each test is

compared to the existing baseline of each material.

54.1 SUMMARY OF RCF TESTING, M50 STEEL

The RCF test using nitrided M50 steel showed improvement over the baseline test of M50
steel. Table 5.4.1-1 shows the Weibull analysis results including the L;o, Lso, slope, and the
correlation coefficient for both of the nitriding cycles for this contract as well as a baseline test

for M50 not performed under this contract.

Table 5.4.1-1
Weibull Statistical Summary, M50 steel
Nitriding cycles versus baseline test

Sample Ljo (hrs) Lsg (hrs) Slope Corr. Coef.
M50, baseline 4.9 13.1 1.91 0.992
M350, 32 hr cycle, FNC 31.5 63.8 2.67 0.962
M50, 60 hr cycle, Gas 22.3 88.7 1.37 0.907
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MS0 RCF Rod

Soft machining print

r—3.00/3.05— 0.395/0.400
Soft Machining Dimensions
Figure 35.3-2 RCF Test Specimen
M50 Steel

M30 NiL RCF Rod

Soft machining print

———3.00/3.05 ———= 0.405/0.410
' Soft Machining Dimensions
Figure 3.3-3 RCF Test Spe%imen

M50 NiL Steel
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M30 and M30 NIL RCF Rod

Pre—nitriding grinding print

~—3.00/3.05 ——™ 0.3775/0.3780
' Pre-Nitriding Dimensions
Figure 3.3—4  RCF Test Specimen

M50 and M50 NiL Steels

M50 and M50 NIL RCF Rod

;0.3745/0.3750
Metrology - Specs:

Max. LSC 25 micro inches raodial deviation
- Max. Ra 4 micro inches

Finish grinding print

, 3.00/3.05 -

Finish Grinding Dimensions

‘Figure 3.3-3  RCF Test Specimen
M50 and M50 NiL Steels
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5.4.2 SUMMARY OF RCF TESTING, M50 NiL STEEL

The FMC RCEF test using nitrided M50 NiL steel showed improvement over the baseline

test of M50 steel. Table 5.4.2-1 shows the Weibull analysis results including the Lo, Lso, slope,

and the correlation coefficient for both of the nitriding cycles for this contract as well as a

baseline test for M50 NiL not performed under this contract.

Table 5.4.2-1
Weibull Statistical Summary, M50 NiL Steel
Nitriding cycles versus baseline test

Sample Lo (hrs Lso (hrs Slope
M50 NiL, baseline 8.8 19.0 2.43
M350 NiL, 32 hr cycle, FNC 91.9 462.4 1.16
M50 NiL, 60 hr cycle, Gas 26.8 126.6 1.21

5.5 RCF TEST CONCLUSIONS

Corr. Coef.

0.951
0.974
0.978

The results of the four rolling contact fatigue tests show very clearly that both M50 and M50

NiL steels benefit from the nitriding process. Both the Ljo and Lso lives of both materials

improved significantly with the nitrided case in the rolling contact zone.

The slope of the

Weibull plots indicate both tests are valid, as the slopes are greater than 1.0. If the Weibull slope

is less than one, it indicates an infant mortality situation in the data. These results relative to

other tests are shown schematically in Figure 1.4-1.

The combination of the increased hardness and the high residual compressive stress generated

in the nitrided case were responsible for the increased fatigue life of the steel rods.

The nitride network which forms in the nitrided case microstructure was not detrimental to

the fatigue life of the steel.

The results of the nitrided M50 steel tests show no statistical difference between the two

nitriding cycles.
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There was an increase in the fatigue life of the carburized and nitrided M50 NiL steel
produced by the ferritic nitrocarburizing (fluidized bed furnace) over the gas nitrided cycle. The
ferritic nitrocarburizing cycle was, therefore, chosen for all the nitrided steel components for the

full scale bearing tests.
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6.0 PROCUREMENT OF SILICON NITRIDE BALLS

The following two sections detail the process for choosing Norton Advanced Ceramics'
NBD-200 silicon nitride material. Two materials were considered and the decision was made
based on full scale bearing testing. The Torrington Company's Bearing Test Lab had tested
material from Norton Advanced Ceramics (formerly CERBEC) and Hoover (Toshiba).

6.1 DISCUSSION OF PAST TEST EXPERIENCE WITH CERAMIC BALLS

The Torrington Company has had experience ‘testing full scale hybrid bearings in the past.
Three sets of bearings had been tested, with each set having a different type of silicon nitride ball
for the rolling elements. The three types of silicon nitride material evaluated were Norton
Advanced Ceramics's NBD-100, Norton Advanced Ceramics's NBD-200, and Hoover's
(Toshiba) TSN-O3H. All of these ball materials were evaluated in a 207 bearing test, which is a

radially loaded bearing. The specific test conditions were:

7050 N (1600 Ibs.) radial load

Inner max. contact stress, 3.65 GPa (530 ksi)
3000 rpm
Lubricated with DTE Ex Heavy oil

Normally, 24 bearings are tested to evaluate a set of test bearings. Only the test of the
bearings with NBD-100 silicon nitride balls included 24 bearings. Eight bearings were tested
with NBD-200 silicon nitride and five bearings were tested with the Hoover TSN-03H silicon
nitride. Therefore, statistical certainty is not possible in determining the best silicon nitride
material, but that was not within the scope of this contract. The bearings in this contract were to
be manufactured using commercially available silicon nitride bearing balls.

The performance of each group was compared to the calculated life for the bearing and test
conditions. The results showed that Norton Advanced Ceramics's NBD-200 had the best fatigue
life. The ratio of the test Lo life to the calculated L life was 18.5, with one ball failure at 1077
hours. For the NBD-100 test, the fatigue life ratio was 4.7, with ball failures at 5.3 and 44.5
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hours. Finally, the Hoover TSN-03H silicon nitride ball tests showed a fatigue life ratio of 7.4,

with one ball failure at 228 hours.

On the basis of these tests, NBD-200 was chosen for all the 207 and 208 bearings in this

contract.

6.2 NORTON ADVANCED CERAMICS NBD-200

NBD-200 is the next generation of hot isostatically pressed silicon nitride for use as anti-

friction bearing components. Norton Advanced Ceramics reports NBD-200 has improved

mechanical and fatigue properties over other silicon nitride materials due to material processing

developments.

The mechanical and thermal properties of NBD-200 are shown in Table 6.2-1. The

information has been supplied by Norton Advanced Ceramics.

Table 6.2-1
NBD-200 Material Properties

Mechanical Units Value
Strength, 20°C
Flexural, Mean, MiL Std, 1942B Mpa (ksi) 800
Weibull Modulus - - 9.7
Tensile, Mean, As HIPped Mpa (ksi) 400
Compressive, Bulk GPa (ksi) 3
Hertz Compressive, Ball on Flat GPa (ksi) 28
Fracture Toughness, K;c MPA-m'"?  (ksi-in'?) 4.1
Density g/cc (Ib/in) 3.16
Elastic Modulus GPa (psiX1 o° ) 320
Poissons ratio - - - 0.26
Hardness, Vickers (10 kg) GPa (psi X 10°) 16.6
Hardness, Hrc - - >70
Thermal
Thermal Expansion Coef, -170°C to 20°C 10%/°C (10°/°F) 0.43
20°to 1000°F 2.9
Thermal Conductivity 100°C W/m-K (BTU-in/hr-ff*-°F) 29.3
500°C 21.3
1000°C 15.5
Maximum Use Temperature. °c (°F) 1000
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7.0 MANUFACTURING PROCESSES, M50 AND M50 NiL STEEL RINGS

The manufacturing of the 207 radial bearings through rough grinding was concurrent with the
initial nitriding experiments, selection of the ceramic balls, and the manufacture and testing of the
RCF specimens. The general manufacturing sequence of operations was similar to the RCF
specimens, i.e., soft machining, heat treating, rough grinding, nitriding, and finally, finish grinding.

The 207 bearings were manufactured with nitrided M50 and nitrided M50 NiL inner rings and
NBD-200 ceramic balls. All of the bearings with the nitrided M50 and the nitrided M50 NiL inner
rings were matched with non-nitrided M50 outer rings. The outer rings were not nitrided because
the design of the bearing places the highest contact stress on the inner ring. Therefore, outer ring
failures during 207 bearing testing are rare. The inner ring is the test specimen in the 207 test.

The 208 bearings had the same material/nitriding processing for both the inner ring and the outer
ring. The inner ring receives the higher contact stress but the conditions of thin film,
contamination, temperature, and operation in thrust make it necessary for the outer ring as well as
the inner to have improved properties.

The following two sections discuss the processing for M50 and M50 NiL steels, respectively.

7.1 HEAT TREATMENT OF M50 STEEL

M50 steel is a high alloy, high carbon steel commonly used in high performance bearing
applications. M50 is used in many applications were higher operation temperatures exist. This is
possible because M50 steel can be hardened and tempered at the secondary hardening peak. The

high tempering temperature allows the steel to resist prolonged exposure in the 150°C to 230°C
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(300°F to 450°F) temperature range with no softening or dimensional changes to the steel bearing
components.
The M50 steel rings were manufactured from VIM VAR (Vacuum Induction Melt plus Vacuum
Arc Remelt) bearing quality bar stock. Soft machining dimensions in the raceway were altered
slightly from standard 52100 bearing steel 207 rings to allow more grinding stock in the raceways.
The additional stock in the raceways was needed because of the nitriding process, which will be
explained in more detail later in this section.
‘After soft machining, the rings received conventional heat treating. For M50 steel this includes
hardening and tempering to the correct hardness. MS50 steel is hardened at 1093°C (2000°F),
followed by an air quench. The rings are then tempered 2 hours at 538°C (1000°F), five separate
times. Multiple tempers are used to insure very low retained austenite in the microstructure, which
makes the rings dimensionally stable during thermal cycling and over time. Typical retained
austenite levels for M50 steel after heat treatment are less than 2 percent. |
The hardness and retained austenite were measured after the heat treatment was completed.

Several samples from each type of ring, i.e., 207 inners, 207 outers, 208 inners, and 208 outers were
checked for hardness. All of these rings were measured on the faces of the rings. All hardness
readings were Rockwell C 62 to 63. The specification for heat treated M50 steel is Rockwell C 60
to 64. One ring was checked for retained austenite. The retained austenite was determined to be
1.3%, The specification is less than 3%. In addition the microstructure was examined and was a
normal mix of tempered martensite, low levels of retained austenite, and finally primary and
secondary carbides.
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7.2 HEAT TREATMENT OF M50 NiL. STEEL

M50 NiL steel is a high alloy, low carbon steel used in high performance bearing applications
where tensile stressing could otherwise cause ring fracture. M50 NiL steel must be carburized to
develop the high hardness case needed for rolling contact bearing components. M50 NiL was
developed as a carburizing modification of M50 steel. The benefits of carburizing are twofold.
First, the relatively high residual compressive stresses that are developed in the carburized case
prevent radial crack propagation. Second, the low carbon core provides increased core toughness
for added fracture resistance. M50 NiL, like M50 steel, is hardened and tempered at the secondary
hardening peak and is therefore resistant to softening and dimensional change during application
conditions.

The M50 NiL rings were manufactured from VIM VAR bar stock. Like the M50 rings, some
changes to the normal soft machining dimensions were necessary because of the nitriding process.
More grinding stock was left on the raceway because of the extra grinding step in the processing.

Heat treating M50 NiL differs from the heat treatment of M50 steel in that the M50 NiL must
be carburized in order to attain the high case hardness needed for rolling contact fatigue resistance.
The M50 NiL heat treatment began with an air oxidation process which is necessary to allow good
uniform carbon diffusion throughout the whole surface of the part. One hour at 954°C (1750°F) in
air is sufficient. After the air oxidation process, the parts were ready to be carburized. Carburizing
consisted of a standard 36 hour carburizing cycle at 954°C (1750°F). The parts were oil quenched
after carburizing, then given a stress relieve for 2 hours at 648°C (1200°F). The parts were then
hardened at 1093°C (2000°F), oil quenched, tempered at 524°C (975°F) for two hours, deep frozen
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at -84°C (-120°F), then tempered four more times at 524°C (975°F). Again, as with the M50 steel,
muitiple tempers are used to control the retained austenite in the carburized case. The retained
austenite in the case microstructure is also below three percent when the heat treatment is
completed. There is no problem with retained austenite in the core of M50 NiL as it is low in
carbon.

Metallography from M50 NiL samples after heat treating showed surface hardness of Rockwell
C 61 to 62. The specification for the heat treated M50 NiL steel is 60 to 64 Rockwell C. Retained
austenite measured at a depth of about 0.127mm (0.005 inches) on the heat treated surface was
1.7%. The specification of retained austenite in the case is 6% maximum. Inspection of the case
microstructure revealed a normal case microstructure consisting of tempered martensite, some

retained austenite, and a uniform dispersion of fine carbides.

7.3 NITRIDING PROCESS, BEARING RINGS
The RCEF rolling contact fatigue tests indicated that the best fatigue life was produced by the
32-hour ferritic nitrocarburizing cycle in a fluidized bed furnace. All the rings were nitrided at the
same time in one furnace lot to avoid any differences between nitriding cycles. There was no
masking planned for these rings. All surfaces of each bearing ring had a nitrided case after the
process was completed.
Several samples from the lot were destructively tested after the nitriding process. Figure 7.3-1
shows the hardness profiles directly after nitriding of two M50 samples and two M50 NiL samples.

In all cases, the nitrided case was about Rockwell C 70. The M50 steel retained a higher hardness
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after nitriding because the nitriding process was performed at the tempering temperature of M50
NiL while it was below the tempe;ing temperature of the M50 steel. Future work on nitrided
raceways should consider investigating a nitriding temperature about 25°C (50°F) below the
tempering temperature of the steel being used.

The rings were also measured for dimensional change during the nitriding process. The
raceways of both the inner rings and the outer rings were measured before and after nitriding.
Figures 7.3-2 and 7.3-3 show the size change of the race diameter for the 207 inner rings before and
after nitriding. The race diameter for both materials grew about 0.0762 mm (0.003 inches). Figures
7.3-4 and 7.3-5 show the same information for the 208 inner rings. Agﬁn, the race diameter grew
by about 0.0762 mm (0.003 inches). Figures 7.3-6 and 7.3-7 show the race diameter for the 208
outer rings. This measurement was on an internal surface of the rings and note how the race
diameter changed very little. These data can be partly explained by the fact that during nitriding, a
white layer rich in nitrogen grows on the surface of the steel. The inner ring measurements were
taken on the outer diameter of the ring and therefore the white layer added to the diameter during
the nitriding process.

The outer ring size change data are not as easily explained. It would have been expected that
the outer ring race diameter would have become smaller due to the growth of the white layer on the
surface of the steel, but it did not change. Residual stresses, metallurgical changes and/or gauging
errors could be present. Residual stresses and metallurgical changes, however, could account for

only a small percentage of difference from expected size change. The residual stresses are in a thin
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layer that represents only a small percentage of the ring volume. Metallurgical change to cause
growth would come from transformation of retained austenite, and little or no austenite was present
in the rings before nitriding. The outer rings were measured on the internal raceway surfaces only,

and gauging error is suspected here.
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7.4 FINISHING AND ASSEMBLY

After the nitriding process was completed, the hardness and microstructure were examined to
ensure the proper metallurgical properties. Initially, the high hardness of the nitrided case was
thought to possibly make race grinding difficult. This turned out not to be the case. The nitrided
surfaces of the rings were no more difficult to finish grind than standard M50 steel. Only the
raceways and the bores of the bearings were finish ground after nitriding. The other surfaces are
not dimensionally critical for bearing tests.

The task of ensuring the correct clearance and fit of the bearings was complicated by the fact
that, in a normal bearing assembly operation, the raceways are finish ground and then the necessary
ball sizes to yield the correct fit are assembled into the bearings. Because of the silicon nitride balls
having been ordered in advance, the bearing rings for this contract had to be finish ground to match
the size of the balls already in our possession, creating the correct fit of the bearing.

The specific finish grinding parameters were identical to the finish grinding parameters used for
hardened M50 steel rings. The grinding wheels were aluminum oxide, 120 grain, medium
hardness, with a friable bond. After nitriding, 0.127 mm (0.005 inches) was removed from the
diameters of the raceway and the bore of the bearings, allowing the white layer to be completely
removed. This was crucial to the performance of the bearings. Past rolling contact fatigue testing
by The Torrington Company has shown the white layer to be detrimental the rolling contact fatigue

performance. Finally, the raceways were polished to further improve the surface finish.
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Metrology of the raceways was measured on a sample ring from each type of ring (M50 207

inner, M50 207 outer, M50 208 inner, etc...). A summary of the results is shown below in Table

7.4-1. All measurements showed good surface finishes for bearing raceways.

Table 7.4-1

Summary of Metrology Measurements, Bearing Raceways

Part Type Ra Peak to Brg. Ratio Brg Ratio Rk Waviness
pm Valley Depth @ Depth vs pm Peak to
(pin) pm 60% tp tp % (pin) Valley
(nin) pm pm pm
(uin) (in) (nin)
M50 207 0.10 1.16 0.36/60% 0.52/89.1% 0.26 0.24
Inner (3.95) (45.66) (14.2/60%) (20.1/89.1%) (10.41) 9.41)
M50 207 0.11 © 133 0.27/60% 0.50/94.0% 0.27 0.19
Outer 4.349) (52.45) (10.8/60%) (19.9/94.0%) (10.59) (7.39)
M50 208 0.12 113 0.43/60 % 0.51/75.7% 0.28 0.18
Outer (4.64) (44.61) (17.0/60 %) (20.1/75.7%) (11.05) (7.20)
M50 208 0.082 1.01 0.25/60% 0.51/97% 0.19 0.21
Inner 3.22) 39.57) (9.81/60%) (20.0/97.0%) (7.68) (8.18)
M50 NiL 0.17 1.28 0.46/60% 0.51/68% 0.44 0.36
208 Outer (6.62) (50.22) (18.08/60%) (20.1/68.0%) 17.30) (14.22)
M50 NiL 0.084 0.81 0.29/60% 0.51/96.8% 0.23 0.24
207 Inner 3.29) (3L.79) (11.48/60%) (20.0/96.8%) (9.00) (9.50)
M50 NiL 0.075 0.62 0.29/60% 0.51/99.0% 0.23 0.13
208 Inner (2.96) (24.31) (11.48/60%) (20.1/99.0%) 9.01) (5.26)
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8.0 ROLLING CONTACT FATIGUE EVALUATION, 35 MM BORE, 207 RADIAL
BEARINGS

The 207 bearing is a typical size used in the bearing industry for general fatigue evaluation. The
bearing envelope is about 6.4 cm (2 3/4 inches) OD, 3.5 cm (1 3/8 inches) ID, with a width of about 2.5 cm
(1 inch). The 207 bearing is a radial bearing and is designed for little thrust loading. There are nine 1.1 tm
(7/16 inch) diameter balls in each bearing. '

The test conditions are shown below:

Stress: 3.65 GPa (530 ksi), Sy
Speed: 3000 rpm
Lubricant: DTE Extra Heavy oil

8.1 BASELINE DEFINITION

The format of the test is a sudden death test. Twenty-four bearings are used for each test. The
bearings are tested in four groups of six bearings. Each group of six bearings is run until one of the
bearings fails, then all six are removed from testing. This procedure is repeated for each of the four
groups of bearings. Weibull analysis is then used on the data and an L life is calculated. Two
comparisons can be made from a given 207 bearing test. First, the test Ly life can be compared to
the theoretically calculated ABMA L, life, which is based solely on the bearing geometry,
maximum Hertzian contact stress, speed and lubrication. Second, the test Lo can also be compared
to other test Ljo lives to yield a comparison to other specific tests. Much of the Torrington

Company's previous test data were produced at the following test conditions:

Radial Load - 10,900 N (2450 pounds)
Speed - 3000 rpm
Lubrication - DTE Extra Heavy Oil
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In all steel bearings these conditions produce a maximum rolling contact stress of about 3.65 GPa
(530 ksi). Weibull Analysis is used to interpret the results. The test Lo is compared to the ABMA
calculated L;o and generally the ratio of the test L;p and the ABMA L is used to describe a test.
The ABMA calculated L life for these conditions is 33.0 hours, which means at 33.0 hours, 10
percent of the population has failed.

The above discussion describes all-steel bearings. The modulus of elasticity of silicon nitride
is different than steel. The modulus affects the maximum Hertzian rolling contact stress in the
contact zone. The higher modulus of silicon nitride results in a higher Hertzian rolling contact
stress for the same load applied to the bearing. Therefore, at the above described conditions the
maximum contact stress for a bearing with silicon nitride balls would be much higher than the 3.65
GPa (530 ksi) for an all-steel bearing.

This makes direct comparison of all-steel bearings versus bearings with steel rings and silicon
nitride balls a challenge. There are two avenues which can be evaluated. The first method would
be based on the fact that rolling contact fatigue life is based mainly on the maximum rolling contact
stress in the contact area. For this comparison, the load on the bearings for this contract would have
to be lowered such that a maximum rolling contact stress of 3.65 GPa (530 ksi) is produced in the
rolling contact zone (the same test stress as all-steel bearings).

The second school of thought says that the stress in the rolling contact zone is basically of no
concern and the bearings should be tested at the same load, as design and application engineers are
interested in what loads can be applied. Their perspective is that an all-steel bearing run at a certain
set of conditions and a bearing with the same envelope size containing silicon nitride balls should
perform equally as well if not better than the all steel bearings. For this comparison, the test
conditions would remain equal to past 207 bearing tests.

The decision was made to reduce the load on the hybrid bearings and test at 3.65 GPa (530 ksi).
3.65 GPa (530 ksi) is a very high stress used in bearing testing to provide failure data. It is much
higher than application stresses. An equivalent load on a hybrid bearing would cause an extremely
high contact stress of 4.21 GPa (611 ksi).
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The test conditions which produced the same rolling contact stress in the hybrid bearings were
determined to be:

Radial Load - 7050 N (1600 pounds)
Speed - 3000 rpm
Lubrication - DTE Extra Heavy Oil.

It is important to note that the raceway curvature was not used to alter the rolling contact stress.
All-stee] test bearings and the hybrid test bearings for this contract had the same raceway curvature
of 52%. The raceway curvature can be used to alter the contact stress. By opening up the raceway
curvature (making the ball fit "loose" in the raceway) the stress can be raised. Conversely, the
contact stress can be lowered by closing down the raceway curvature (making the ball fit "tighter"
in the faceway. The "tighter" raceway provides a larger contact area, thereby reducing the rolling
contact stress. The disadvéntage of using the raceway curvature to alter the rolling contact stress is
the raceway curvature dictates the ease of which lubricant can get into the contact area. "Tight"

raceways can limit the amount of lubricant which enters the contact area, thereby reducing life.

8.2 SUMMARY OF FATIGUE TESTING, 207 RADIAL BEARINGS
The following two sections summarize the 207 bearing testing for each inner ring steel type.
The first section will discuss the nitrided M50 inner rings and the second section will discuss the

nitrided M50 NiL inner rings.

8.2.1 SUMMARY OF FATIGUE TESTING, M50 STEEL

As previously described, the 207 test is a sudden death test. The test results are analyzed and
the test Lo is calculated using Weibull analysis. The test L, life is then compared to a calculated
Lyo life to determine how the bearings performed relative to other groups of test bearings.

The results of the hybrid nitrided M50 207 bearing test are shown in Table 8.2.1-1.
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Table 8.2.1-1
Hybrid Nitrided M50 207 Bearing Test Results
(hours)
Group 1 2008 - Suspended
Group 2 1486 - Failed Inner Ring
Group 3 376 - Failed Inner Ring
Group 4 62 - Failed Ball/1384 - Failed Ball

The results through the testing of group 3 were very good. The earliest failure was an inner ring at a
time about 11 times the calculated Ly life. Group 4 was put on test and a ball failure occurred at 62
hours, which is still two times the calculated L; life. But recent baseline testing of many different
lots of 207 bearings show a 62-hour bearing failure to be shorter than most bearing failures in this
test. The decision was made that another bearing would be replaced in the group and the group
would continue to run. The advantage of this was twofold. First, more silicon nitride balls would
be run on test, giving more fatigue data on the silicon nitride. And second, another inner ring
would be run, hopefully producing an inner ring failure, since that is the test specimen in this test.
After 1384 hours, one of the original five bearings had a ball failure. The data were analyzed using
Weibull analysis. The test Ly life was 353 hours. The calculated L;o is 33 hours, producing a ratio
of test L;o to calculated L;o of 10.7.

8.2.2 SUMMARY OF 207 FATIGUE TESTING, M50 NiL. STEEL
Similar to the M50 207 test, some relatively early ball failures lead to replacing the early
failures with other bearings to improve the confidence in the overall test of the hybrid bearings.
The results of the hybrid nitrided M50 NiL 207 bearing test are shown below in Table
8.2.2-1.
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Table 8.2.2-1
Hybrid Nitrided M50 NiL 207 Bearing Test Results

(hours)
Group 1 87 - Failed Ball/172 - Failed Ball
Group 2 2002 - Suspended
Group 3 115 - Failed Ball/2004 - Suspended
Group 4 1194 - Failed Inner Ring

The results showed a ball failure at 87 hours in the first group tested. This bearing was replaced
with another bearing. One of the original bearings in group 1 then had another ball failure at 172
hours. Group 2 was then put on test and ran to suspension at 2002 hours. There was also a ball
failure at 115 hours in group 3 and this bearing was also replaced with another bean'ng to produce
more fatigue information about the fatigue behavior of the nitrided steel rings. Group 3 then ran to
suspension at 2004 hours. Group 4 produced a inner ring failure at 1194 hours.

The data were analyzed using Weibull analysis which calculated a test L;g life of 380 hours. The
calculated L life is 33 hours, which produces a ratio of the test L life to the calculated L life of
11.5.

8.3 FAILURE ANALYSIS, 207 BEARINGS
Routinely, bearings are examined after failure for the cause or origin of the failed component.

Spalling in the failed component can either be initiated subsurface or directly on the surface. Based
on past failure analysis of test bearings, surface initiated failures occur more frequently than
subsurface initiated failures. Surface initiated spalling of bearing rings is identified by a surface
type defect generally at the nose of the spall (the leading edge of the spall, relative to the rolling
direction of the balls). The surface type defects may be dents, grinding furrows, or microspalling in
the contact zone of the bearing ring raceways. Spalling due to subsurface defects is more difficult
to positively identify. If no clear surface defect is found, many times it is assumed that the spalling

was subsurface initiated. This may or may not be the case because spalling can sometimes travel
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backwards relative to the rolling direction of the balls, spalling out the surface initiated area of the
raceway.

Ball failures are much more difficult to pbsitively identify as to whether the initiation point on
the ball occurred at the surface or subsurface. The random rotational action of the balls in the 207
test always spalls out relatively large amounts of material. The direction of the fatigue cracking can
generally be seen back to an area where fatigue started, but evidence of a surface initiated ball spall
is gone.

The failed 207 hybrid bearings examined from this testing revealed only one clear surface
initiated inner ring spall. Figures 8.3-1 and 8.3-2 show the spall on the nitrided M50 207 bearing
which failed at 1486 hours. The rolling direction of the balls is left to right in both figures. Figure
8.3-1 shows the whole spalled region of the raceway; note the symmetrical nature of this spall. The
nose of the spall is on the left side of the photograph, and the initiation point can clearly be seen as

an area of microspalling. Figure 8.3-2 shows this area of microspalling at a higher magnification.
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Figure 8.3-1, SEM photograph, 23X
Spalled raceway, 1486 hours, Nitrided M50 Steel Inner Ring

Figure 8.3-2, SEM photograph, 100X
Microspalling at nose of spall of Figure 8.3-1
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The other failed nitrided M50 steel inner ring did not have an obvious surface initiation point to
the spall. This failure may have been subsurface initiated. Figure 8.3-3 shows the spall. The
rolling direction of the balls is from left to right.

Figure 8.3-3, SEM photograph, 33X
Spalled raceway, 376 hours, Nitrided M50 Steel Inner Ring

The nitrided M50 NiL inner ring failure also did not have a clear surface initiated failure. This
spall is shown in Figures 8.3-4 and 8.3-5. The ball rolling direction is again from the left to the
right. This spall shows the most evidence of being subsurface initiated. Note the major crack
running vertically through the photograph; this crack runs across the raceway, perpendicular to the
rolling direction. Also note the fatigue crack growth away from the crack both with and against the
rolling direction of the balls.
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Figure 8.34, SEM photograph, 18X
Spalled raceway, 1194 hours, Nitrided M50 NiL Steel Inner Ring

Figure 8.3-5, SEM photograph, 50X
Closer view of evidence of fatigue crack propagation with and against ball rolling direction
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Closer view of evidence of fatigue crack propagation with and against ball rolling direction

As stated earlier in this section, it is difficult to determine the exact cause and location of the
initiation point in the spalling in ball failures. Generally the initiation point of a ball failure is near
the center of the spalled region. This is due to the random rotational action of the balls during the
operation of a radial bearing. Several SEM photographs have been included to show some of the
ball failures. The approximate initiation points have been marked using arrows, and in all cases
fatigue striations can clearly be seen radiating away from the initiation areas. Figures 8.3-6, 8.3-7,
and 8.3-8 show three spalled regions on some of the silicon nitride balls. Figures 8.3-7 and 8.3-8
were taken by Dr. J. J. Mecholsky, University of Florida, Dept. of Materials Science and
Engineering. Note in Figure 8.3-8 that there may have been two spall fatigue origins in this spall.

Figure 8.3-6, SEM photograph, 17X
Spalled ball, 115 hours, Hybrid M50 NiL Bearing
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Figure 8.3-7, SEM photograph, 50X (Mecholsky)
Spalled ball, 87 hours, Hybrid M50 NiL Bearing

Figure 8.3-8, SEM photograph, 35X (Mecholsky)
Spalled ball, 172 hours, Hybrid M50 NiL Bearing '
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8.4 207 BEARING TEST CONCLUSIONS

The Lo lives of the hybrid bearings in this test were 353 and 380 hours for M50 and M50 NiL,
respectively, with equivalent life factors of 10.7 and 11.5. These results are entirely satisfactory but
not extraordinary. Life factors of 10 to 12 are common for good quality standard bearings in this
test, however, the best steels combined with the best raceway surface finishes have had much
longer lives.

Ball failures prevented the life results of this test from being exceptionally high. The few early
ball failures experienced here are consistent with other testing of silicon nitride balls at the high
stress levels of bearing life testing. This needs to be kept in perspective. Many thousands of silicon
nitride balls have been used in bearing applications with no failure problems. Normal bearing
applications operate at much lower contact stress levels, typically 690 to 2050 MPa (100 to 300
ksi). Apparently a very small percentage of silicon nitride balls have small flaws, too small to
identify in our work, that are of a critical size to initiate failure at high contact stresses of bearing
life tests, but are below the threshold size to initiate failure at application stresses.

Nitrided ring failures were too few (only two) to make a valid statistical estimate of the lives of
the bearing raceways. Indications are that without the ball failures the life factors would be very
much higher.

The high 3.65 GPa (530 ksi) maximum contract stress of the bearing life test and to a much
greater extent the very high 4.8 - 6.2 Gpa (700-900 ksi) used for various RCF rig tests are capable
of failing materials that may perform well in service. For example, M50 steel which has been
adopted for many important aerospace applications often gives unfavorable results on rig tests. The
carbides in M50 act as significant stress raisers for crack initiation at very high stresses, but it is
obvious from the great number of M50 bearings in service for many years that M50 carbides do not
have an adverse effect under normal operating conditions. High stress RCF rigs are for screening
materials and heat treatments. Those that do well have merit and are worthy of further investigation

with full scale bearing testing. Those that do not are not necessarily unsatisfactory; and results must
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be considered in this context. High stress bearing life tests are usually run to produce data that can
be used by bearing engineers in their life predictions. The authors believe that tests simulating
applications conditions, as in the 208 test described in the next section (9.0), are the preferred way

to evaluate materials and predict what bearing performance will be.
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9.0 ROLLING CONTACT EVALUATION, 40 MM BORE 208 THRUST BEARINGS

The 208 bearing test was designed to test materials and processes under the conditions of gas
turbine engine main shaft bearings. The bearing is an angular contact design manufactured with the
dimensional tolerances and quality control procedures of main shaft bearings. The test is run at
10,000 rpm under thrust loads that produce maximum contact stresses up to 2.62 GPa (380 ksi).
The lubricating oil corresponds to MIL-L-7808J and the test temperature is 150°C (300°F), giving a
calculated elastohydrodynamic (EHD) film thickness of 0.076 pm (3 pin).

The test procedure used in the present project was developed for Air Force Contract F33615-84-
12430, Improved Fatigue Life Bearing Development (5). In the past, efforts to extend bearing life
had emphasized improvements in surface roughness and topography and maintenance of clean oil
systems. One result of this was that the M50 steel bearing in common use had an L, life well in
excess of 2000 hours in the clean and controlled conditions of the 208 test, making testing time to
demonstrate further improvement prohibitive. The approach was taken that actual failures in
service take place when the oils and surfaces are not ideal, and life improvement comes from
resistance to propagation from surface defects. From this the present test procedure was adopted.
The bearings are first run for 15 minutes in oil contaminated with 2.5 ppm of 20 um (786 pin)
aluminum oxide particles. They are then disassembled, washed, examined for surface damage,
reassembled, and run in different rigs with clean oil. Bearings are run for 24 hours, taken apart,
reinspected for surface condition, and put back on test. Reinspection takes place again after 250

hours, after which the bearings are run to failure or to 2000 hour suspension time.

9.1 BASELINE TESTS AND CONTACT STRESSING

. The results for the hybrid bearings were compared to the results of previous tests of all- steel
bearings. The all-steel bearings were M50 steel, M50 NiL, and M50 NiL with thin dense
chromium (TDC) coating. The latter was the Improved Fatigue Life Development of the Air Force
contract work (5). Low alloy steels such as 52100 are not run on this 150°C (300°F) test. The

hybrid bearings were run under a thrust load of 7500 N (1700 Ibs) to have a maximum contact
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stress of 2.62 GPa (380 ksi), the highest stress used for all steel bearings. All-steel bearings have
11,880 N (2700 Ibs) thrust load to produce 2.62 GPa (380 ksi) contact stress. We were fortunate in
also having results for all-steel bearings tested under 7500 N (1700 Ibs) thrust. We were thus able
to compare the hybrid and all-steel bearings under both equivalent stress and equivalent load

conditions. Table 9.1-1 summarizes this comparison.

Past Steel Nitrided Hybrid Past Steel
Bearings Bearings Bearings
7500 N ----mmmemeeem e 7500 N 11,880 N
2.28 GPa 2.62 Gpa 2.62 GPa
1700 Lbs.-------==---=--- 1700 Ibs. 2700 Ibs.
330 ksi 380 ksi 380 ksi
Table 9.1-1

Summary of Stress/LLoad Baseline Comparison, 208 Bearing Test

9.2 SUMMARY OF FATIGUE TESTING, 208 BEARINGS
The discussion of the results and analysis of the 208 bearing testing is in two sections. The
first compares results for equivalent stressing; the second for equivalent loading. Each section will

discus both nitrided M50 and nitrided M50 NiL steel.

9.2.1 DISCUSSION OF EQUAL STRESS TESTING

The two hybrid bearing tests completed under this contract were compared to two past tests
done at approximately the same maximum Hertzian contact stress of about 380 ksi. Past testing
included all M50 steel components, and M50 NiL races with TDC coating coupled with M50 steel
balls. The results are listed in Table 9.2.1-1 and summarized using Weibull Analysis in Table
9.2.1-2
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Table 9.2.1-1

Summary of Results for 208 Bearing Tests, Hours

Maximum Contact Stress 2.62 GPa (380 ksi)

Hybrid Hybrid M350 NiL
Nitrided M50 Nitrided M50 Nil, M50 With TDC
2034 (S) 797 (FI) 68 (FI) 434 (FI)
2034 (S) 1299 (FI) 147 (FI) 486 (FI)
2038 (S) 1882 (FI) 310 (FI) 722 (FI)
2038 (S) 2001 (S) 316 (FI) 695 (FB)
2020 (S) 2016 (S) 334 (FI) 1100 (FB)
2020 (S) 2022 (S) 746 (FI) 1504 (S)
2006 (S) 2032 (S) 1127 (FI) 1535(S)
2038 (S) 2032 (S) 1500 (S) 1535 (S)
2004 (S) 2001 (S) 1500 (S) 1544 (S)
2004 (S) 2174 (S) 1500 (S) 1587 (S)
1684 (S)
(FI) Failed Inner Ring
(FB) Failed Ball
(S) Suspended Bearing
Table 9.2.1-2
Summary of Weibull Analysis for 208 Bearing Tests
Maximum Contact Stress 2.62 GPa (380 ksi)
90% Lower Weibull
Bearing Material Ljo, hours Confidence Slope
Lo, hours
Hybrid Nitrided U 1187 1.5 (estimated)
M50 .
Hybrid Nitrided 998 444 1.72
M50 NiL
M50 NiL & TDC Rings 478 254 247
(M50 Balls)
M50 93 25 1.02

* No Failures, therefore an Ly life could not be determined
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There were no hybrid nitrided M50 failures; therefore, the 90% confidence band (L90CB) was used
to compare test results. There were three hybrid nitrided M50 NiL bearing failures, so that data did
allow a calculation of an L life, which can be compared to the previous tests Lo lives. Note the
L90CB of the hybrid M50 bearings is four times that value for the M50 NiL & TDC bearings. This
is very significant because the development of M50 NiL with TDC coated raceways was itself a
step in improving the reliability of high performance bearings. M50 steel has long been used in the
most demanding high performance applications where fracture toughness was not critical. M50 has
worked very well in these applications. Carburized M50 NiL with TDC coated raceways was the
next development, providing increased fatigue life along with fracture toughness. The bearing
testing under this contract has now shown even further improvements in fatigue life are possible

with both through hardening and fracture tough, carburizing steels.

9.2.2 DISCUSSION OF EQUAL LOAD TESTING

The two hybrid bearing tests completed under this contract were compared to three past tests
performed at approximately the same load, 7500 N (1700 lbs) thrust. The higher Modulus of
Elasticity of the NBD-200 silicon nitride results in the hybrid bearings having a higher maximum
contact stress in the rolling contact zone. The maximum contact stress in the hybrid bearings was
2.62 GPa (380 ksi); the maximum contact stress in the all-steel bearing tests was 2.27 GPa (330
ksi). The results are listed in Table 9.2.2-1 and summarized using Weibull Analysis in Table 9.2.2-
2.

101




Table 9.2.2-1
Summary of Results for 208 Bearing Tests, Hours
Approximately 7500 N (1700 Pounds) Thrust Load

Hybrid Hybrid
Nitrided M50 Nitrided M50 Nil M50 M50 NiL
2034 (S) 797 (FI) 429 (FI) 270 (FI)
2034 (S) 1299 (FI) 445 (FI) 317 (FI)
2038 (S) 1882 (FI) 502 (FI) 326 (FI)
2038 (S) 2001 (S) 635 (FI) 677 (FI)
2020 (S) 2016 (S) 666 (FI) 779 (FI)
2020 (S) 2022 (S) 1390 (FI) 998 (FI)
2006 (S) 2032 (S) 1916 (FI) 1372 (FI)
2038 (S) 2032 (S) 2010 (FI) 1500 (FI)
2004 (S) 2001 (S) 2095 (S) 2715 (S)
2004 (S) 2174(S) 2095 (S) 2890 (S)
(FI) Failed Inner Ring
(FB) Failed Ball
(S) Suspended Bearing
Table 9.2.2-2

Summary of Weibull Analysis for 208 Bearing Tests

Approximately 7500 N (1700 Pounds) Thrust Load

90% Lower
Bearing Material Lo, hours Confidence
Lo, hours
Hybrid Nitrided - 1187
M50
Hybrid Nitrided 998 444
M50 NiL
M50 368 172
M50 NiL (M50 Balls) 232 112
M350 NiL & TDC Rings 533 152
(M50 Balls)

* No Failures, therefore an Ly life could not be determined
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M50 NiL
With TDC
374 (FI)
901 (FI)
1082 (FI)
2213(S)
2213(S)
2278 (S)
2278 (S)
2395(S)
3571(S)
3571 (S)

Weibull
Slope

1.5 (estimate)
1.72
1.73

1.53
1.33




As with the equal stress comparison, the lower 90% confidence L;o must be compared
between the different groups of bearings because of the excellent performance of the hybrid nitrided
M350 steel bearings. The hybrid nitrided M350 bearings outperformed the rest of the bearing tests by
a wide margin. The hybrid nitrided M50 NiL bearings increased the rolling contact fatigue life by
about a factor of three over the past three bearing tests of all steel bearings. This is very significant
to the future of rolling element bearings because the hybrid bearings tested as part of this contract
well outperformed past all-steel bearings at the same loading conditions, while at the same time
withstanding the higher contact stress resulting from the silicon nitride balls. This test suggests that
perhaps in the future, hybrid bearings with nitrided steel bearing rings may be able to be either
designed smaller, reducing necessary space and weight requirements, or bearing positions can be
loaded higher with no sacrifice in useful bearing life. The two hybrid nitrided steel bearing tests
were the best performing sets of bearings in the history of The Torrington Company's contaminated

208 bearing test.

9.3 FAILURE ANALYSIS, 208 BEARINGS

Aluminum oxide is a very hard, abrasive material, and when mixed into the oil in very small
concentrations has a very large effect on the rolling contact surfaces. Past testing has shown that
after only 15 minutes running in the contaminated oil, the steel raceways and steel balls become
pitted over the entire contact area within the bearing.

The iest procedure for the 208 bearings includes periodic stops in the bearing test for inspection
of the raceways to determine the effect of the pitted raceways over time. The failure analysis for
these bearings runs parallel along with the testing.

The first step is to examine the bearings directly after the contamination run. The first
observation which was made, after the first few contaminated bearings were examined, was that the
NBD-200 silicon nitride balls were completely unharmed by the 15-minute run in contaminated oil.

It was expected they would resist damage better than the balls from past all- steel tests, but not
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come away with no damage at all. The nitrided steel races did show pitting resulting from the 15-
minute contamination run because the aluminum oxide is harder than the nitrided steel. Figure 9.3-
1 and 9.3-2 show an optical photograph of the raceway surface of a nitrided M350 and a nitrided

M350 NiL raceway after the 15-minute contamination run. The photos are of an "average" area.
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Figure 9.3-1

Optical photograph of nitrided M50 raceway after 15 minute contamination, 100X
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Figure 9.3-2
Optical photograph of nitrided M50 NiL raceway after 15 minute contamination, 100X

After the 15 minutes running in contaminated oil, the bearings were then carefully cleaned,
removing all aluminum oxide, and ruﬂ under the same conditions in clean oil. After 24 hours, they
were stopped, taken apart and examined again for any signs of fatigue propagation resulting from
the contamination pits. In all cases for both nitrided steels, there were no signs of any form of
propagation. Figures 9.3-3 and 9.3-4 show typical raceway surfaces for M50 and M50 NiL,
respectively. Note that these are not the same exact locations on the raceway as the photographs in
Figures 9.3-1 and 9.3-2. There were no major differences in the characteristics of the

contamination damage through this point in the bearing tests.
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' Figure 9.3-3
Optical photograph of nitrided M50 raceway after 15 minute contamination
and 24 hours running in clean oil, 100X

: Figure 9.3-4
Optical photograph of nitrided M50 NiL raceway after 15 minute contamination
and 24 hours running in clean oil, 100X
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The bearings were then run for about 200 hours and stopped and examined for a final time
before they are allowed to run to failure or suspension. Figures 9.3-5 and 9.3-6 show the raceway
surfaces of M50 and M50 NiL respectively. Again, these are not the same exact areas as the
previous photos, but it can be clearly seen that there are basically no changes going on in the vast

majority of the pits caused by the original contamination run.

Figure 9.3-5
Optical photograph of nitrided M50 raceway after 15 minute contamination
and 208 hours running in clean oil, 100X
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Figure 9.3-6
Optical photograph of nitrided M50 NiL raceway after 15 minute contamination
and 212 hours running in clean oil, 100X

After failure, the bearings were examined for the origin of the spalling fatigue. The pits in the
raceway surface from aluminum oxide contamination usually serve as the initiation points for the
spalling to develop. This was the case with two out of. the three 208 bearing failures. All the
bearings which failed were manufactured from nitrided M50 NiL steel. No nitrided M50 steel
bearings failed; every bearing test was suspended out at 2000 hours. The earliest 208 bearing
failure occurred at 797 hours. The spall is shown in Figure 9.3-7. The rolling direction of the balls
is from the left to the right. The spall is very consistent with past experience in 208 bearing
failures. Spalling in the 208 bearing test is initiated on the raceway surface and continues with
fatigue crack propagation in the rolling direction of the balls. The spall shown in Figure 9.3-7 was
initiated on the very left side (at the point or nose) of the photograph, and grew towards the right
side of the photograph. Figure 9.3-8 shows a closer view of the nose of the spall in Figure 9.3-7.
The arrow shows what is an original contamination pit. The spalling is initiated and propagates

from just behind surface defects.
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Figure 9.3-7 :
SEM photograph showing raceway spall of nitrided M50 NiL 208 inner ring after failure at
797 hours, ball rolling direction is from the left to the right, 45X

Figure 9.3-8
SEM photograph showing the nose of the spall, note arrow showing an
original contamination pit and subsequent spall propagation in the ball rolling direction, 300X
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Figures 9.3-9 and 9.3-10 show the same type of pictures of the spall as the previous two Figures,
9.3-7 and 9.3-8. Again this spall has propagated from an initial defect from the contamination run.
Figure 9.3-9 shows the whole spall. The rolling direction of the balls in this picture is from the
right to the left. Figure 9.3-10 shows the triangular shaped pit from which the spall propagated.
The first two failed 208 bearings clearly had surface initiated spalling in the raceways. This mode

of failure is the normal mode for the contaminated 208 bearing test.

Figure 9.3-9
SEM Photograph showing raceway spall of nitrided M50 NiL 208 inner ring
after failure at 1299.8 hours, ball rolling direction is from the right to the left, 100X
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Figure 9.3-10
SEM photograph showing the nose of the spall; note arrow showing the original contamination pit
and subsequent spall propagation in the ball rolling direction, 500X

The final 208 bearing failure was a nitrided M50 NiL inner ring which failed at 1882.1 hours.

Unlike the other two bearing failures already discussed, this failure did not seem to be directly
related to the contamination pits. There was no clear initiation point. Figure 9.3-11 shows the
whole spall. Figure 9.3-12 shows the nose of the spall. The rolling direction for both figures is left
to right. Figure 9.3-12 does not have any shallow surface defect at the beginning of the spall. This

fatigue failure may have been subsurface initiated, but this is impossible to prove.
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Figure 9.3-11
SEM photograph showing raceway spall of nitrided M50 NiL 208 inner ring after failure at
1882.1 hours; ball rolling direction is from the left to the right, 60X

Figure 9.3-12
SEM photograph showing the nose of the spall; note that there is no shallow contamination
pit around the nose of this spall, 150X
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The residual stress profiles resulting from nitriding and grinding were examined on both types of

steels both after finishing and after the bearing testing was completed. Figure 9.3-13 shows the
residual stress profiles obtained on nitrided M50 steel inner rings (207 and 208 size) before and
after the bearing testing. Figure 9.3-14 shows the same type of results obtained on nitrided M50
NiL steel. The results for both materials are the same. The compressive residual stress field did not

change appreciably during the bearing operation.
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9.4 208 BEARING TEST CONCLUSIONS AND DISCUSSION

Both the nitrided M50 and M50 NiL hybrid bearings performed extremely well, better than
any all-steel bearings run under these conditions. The rolling contact action of silicon nitride balls
on the very hard steel surfaces, with high compressive residual stresses in the surface and near
surface regions, is very favorable for avoiding failures under poor lubrication or contamination
conditions.

The authors consider this a most important test result. With the improvements in bearing
steels and processing over several years, subsurface initiated rolling contact fatigue failures are now
rare in all types of bearings and applications. Bearing life depends upon surface conditions.  The
aluminum oxide contamination used in the 208 test was derived from actual conditions found in
service. It is, of course, but one of a great many different possible types of contamination-surface
interactions. But considering that the contamination particles are very hard and that the test is run
with a thin oil film in the boundary lubrication regime, the 208 bearings are tested in very adverse
surface conditions. The hybrid bearings that excelled in this test will benefit in other situations
where contamination, poor lubrication, or partial EHD conditions limit performance.

The very hard nitrided surfaces did not prevent damage by the even harder aluminum oxide
particles. The hybrid bearings ran well in spite of extensive surface damage, indicating resistance
to propagation to failure. In tests of all steel bearings described in the references (5,7,8), the failure
process was one of initial indentation damage followed by shallow surface peeling from the
indentations, eventually leading to macro spalling failures from the peeled areas. The hybrid
bearingé had no evidence of peeling despite many surface indentations, further evidence of
resistance to propagation. The strengthened surfaces and compressive residual stresses in the
nitrided raceways are likely causes of resistance to propagation, but we must also consider that
silicon nitride balls may be contributing to a more favorable rolling contact action as compared to

steel on steel.
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The difference between M50 over M50 NiL in these tests could be only statistical or could
indicate an advantage for M50. The carbide morphology in M50 gives it better wear resistance.
Partial EHD conditions exist, especially at the edges of the damage indentations. Better wear
resistance could be of benefit here.

No ball failures occurred in this test. The silicon nitride balls were not damaged by the
aluminum oxide because the silicon nitride is harder than the alumina. These suggest that an all
silicon nitride bearing could be extraordinarily good when conditions warrant its application.

In conclusion, many hybrid bearings are used today, but mostly in machine tool applications
that benefit from the hybrid's cooler operation and higher speed capabilities. These are otherwise
benign environments, and the bearings use low alloy 52100 steel rings. The goal of the present
project was to improve the bearing rings for more difficult applications, to take advantage of the
superior properties of the silicon nitride rolling elements, and to permit wider application of hybrid
bearings. The 208 bearing test, with its high speed, higher temperature, thin lubrication film, and
contamination conditions, represents many of the conditions for which better bearings are needed.
The success of the improved hybrid bearings in this test demonstrates that the goal of this project

has been reached.
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